PLOS BIOLOGY

Check for
updates

G OPEN ACCESS

Citation: Attrill EL, Claydon R, tapinska U, Recker
M, Meaden S, Brown AT, et al. (2021) Individual
bacteria in structured environments rely on
phenotypic resistance to phage. PLoS Biol 19(10):
€3001406. https://doi.org/10.1371/journal.
pbio.3001406

Academic Editor: Victor Sourjik, Max-Planck-
Institut fur terrestrische Mikrobiologie, GERMANY

Received: January 22, 2021
Accepted: September 2, 2021
Published: October 12, 2021

Copyright: © 2021 Attrill et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: E.A. was supported by a Medical
Research Council CASE PhD studentship (MR/
P016162/1) awarded to S.P. and S.H. and by the
Defence Science and Technology Laboratory. R.C.
was supported by a Engineering and Physical
Sciences Research Council PhD studentship
through the CM-CDT (EP/L015110/1). U.L. was
supported via an Medical Research Council

RESEARCH ARTICLE

Individual bacteria in structured
environments rely on phenotypic resistance
to phage

Erin L. Attrill', Rory Claydon®2®, Urszula Lapinska®'®, Mario Recker®3®,

Sean Meaden®*®, Aidan T. Brown?, Edze R. Westra®*, Sarah V. Harding®,
Stefano Pagliara®'*

1 Living Systems Institute and Biosciences, University of Exeter, Exeter, United Kingdom, 2 SUPA, School of
Physics and Astronomy, The University of Edinburgh, United Kingdom, 3 Centre for Ecology and
Conservation, University of Exeter, Penryn, United Kingdom, 4 Environment and Sustainability Institute and
Biosciences, University of Exeter, Penryn, United Kingdom, 5 Department of Microbiology and Immunology,
University of Otago, Dunedin, New Zealand, 6 Defence Science and Technology Laboratory, Porton Down,
Salisbury, United Kingdom

@® These authors contributed equally to this work.
* s.pagliara@exeter.ac.uk

Abstract

Bacteriophages represent an avenue to overcome the current antibiotic resistance crisis,
but evolution of genetic resistance to phages remains a concern. In vitro, bacteria evolve
genetic resistance, preventing phage adsorption or degrading phage DNA. In natural envi-
ronments, evolved resistance is lower possibly because the spatial heterogeneity within bio-
films, microcolonies, or wall populations favours phenotypic survival to lytic phages.
However, it is also possible that the persistence of genetically sensitive bacteria is due to
less efficient phage amplification in natural environments, the existence of refuges where
bacteria can hide, and a reduced spread of resistant genotypes. Here, we monitor the inter-
actions between individual planktonic bacteria in isolation in ephemeral refuges and bacteri-
ophage by tracking the survival of individual cells. We find that in these transient spatial
refuges, phenotypic resistance due to reduced expression of the phage receptor is a key
determinant of bacterial survival. This survival strategy is in contrast with the emergence of
genetic resistance in the absence of ephemeral refuges in well-mixed environments. Predic-
tions generated via a mathematical modelling framework to track bacterial response to
phages reveal that the presence of spatial refuges leads to fundamentally different popula-
tion dynamics that should be considered in order to predict and manipulate the evolutionary
and ecological dynamics of bacteria—phage interactions in naturally structured
environments.

Introduction

Viruses that infect bacteria (bacteriophages) are the most abundant entities on the planet and
are critical determinants in maintaining microbial diversity within populations and
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communities across ecosystems [1-4]. Moreover, the emergence of antimicrobial resistance
has caused a resurgence of interest in using phages in therapeutic settings [5,6], stimulating
research on the arsenal of antiphage mechanisms that bacteria have evolved in order to survive
[7,8]. Specifically, Escherichia coli and its lytic phage T4 have been extensively employed to
increase our molecular understanding of phage biology [9,10], and T4 has been considered for
phage therapy [11-13].

Phage infection initiates through an interaction of the phage with bacterial cell surface-
exposed molecular receptors, such as lipopolysaccharide (LPS) moieties, peptidoglycan, tei-
choic acids, capsules, or proteinaceous components. In the case of T4, infection starts with the
molecular recognition and reversible binding between adhesin proteins at the tip of the long
tail fibres of the phage and the receptors in the outer layer of the E. coli cell surface [14]. T4
uses both the outer membrane protein C (OmpC) and LPS as coreceptors: if OmpC is present,
asin E. coli K-12, T4 targets OmpC as a first receptor to recognise the host [14] and infects
regardless of the terminal sugar residue of LPS. In the absence of OmpC, as in E. coli B, T4 atta-
ches to LPS chains with an exposed terminal glucose residue [15]. These initial reversible bind-
ings trigger a series of conformational changes of the tail baseplate that permits T4 short tail
fibres to irreversibly bind to the lipid A keto-deoxyoctulosonate region of LPS. Such baseplate
conformational changes also trigger a contraction of the tail sheath [16], followed by the pene-
tration of the tail tube into the bacterial cytoplasm and T4 DNA ejection into the cell cyto-
plasm [17]. This is followed by a rapid shut off of DNA replication, transcription and protein
synthesis in E. coli [18]. Meanwhile, the phage genome replication is initiated, followed by
gene expression, protein assembly, packaging of completed phage particles, and ultimately
bursting of the host E. coli cell approximately 25 min postinfection [9].

This molecular understanding was obtained via experiments carried out in well-mixed cul-
tures, where E. coli rapidly evolved resistance to phages [19], albeit at a fitness cost that varied
dependent on the type of mutation [20,21], the environmental temperature, and the availabil-
ity of nutrients and water [22-25]. While these population-level studies in spatially unstruc-
tured environments suggested that evolved cultures are relatively homogeneous [19], the
population and evolutionary dynamics of phage-bacteria interactions are likely more complex
in natural environments. For example, when Pseudomonas fluorescens growing in a soil com-
munity was exposed to the lytic bacteriophage SBW25¢2, bacteria were more resistant to their
contemporary than to past or future phages. This was in contrast to coevolution in vitro,
which was characterised by an increase in resistance over time [26]. Moreover, de novo evolu-
tion of resistance to the lytic phage FRS in Pseudomonas syringae was negligible in planta
despite high levels of resistance evolution in vitro [27]. This may be because most natural envi-
ronments, such as biofilms, soil, or the tissues of plants and animals, possess a spatial structure
[28].

Studies that examined phage-bacteria interactions in spatially structured (semi)natural or
artificial environments often report that genetic resistance to phages evolves at much lower fre-
quencies than those observed in mixed broth [29-35]. One explanation is that bacteria form
biofilms on solid surfaces that shield cells on the inside from phages [34,35]. If so, disrupting
biofilms may be an important factor in the success of phage therapy in clinical settings. How-
ever, it is also possible that the persistence of sensitive bacteria is due to less efficient phage
amplification in structured environments, the existence of permanent or ephemeral spatial ref-
uges for bacteria to hide in, and resistant genotypes not invading as efficiently as they would in
a mixed environment [36]. Here, we fill this fundamental gap in our knowledge of phage-bac-
teria interaction by using single-cell microfluidics that has recently unlocked a new era of
virology [37,38] but has thus far been rarely applied for studying phage-bacteria interaction
[39].
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Fig 1. The structure of the environment affects the bacterial population dynamics in response to phage. Schematics illustrating T4
epidemics in E. coli in (A) well-mixed microwells and (B) microfluidic devices structured with ephemeral spatial refuges. Corresponding
temporal dependence of bacterial population size in (C) the unstructured and (D) the structured environment in the presence (triangles)
and absence (circles) of phage T4. Data are the mean and standard error of the mean of at least 4 biological replicates in the unstructured
environment and of 200 spatial refuges in biological triplicate in the structured environment. Error bars are hidden behind the
corresponding data points in the structured environment measurements due to the large statistical samples. It is noteworthy that similar
initial bacterial population sizes were used in the unstructured and structured environments; compare data at t = 0. Dashed lines are
guides for the eye. Numerical values for each replica in Fig 1C and 1D are provided in Data B and Data F in S1 File, respectively.

https://doi.org/10.1371/journal.pbio.3001406.g001

We introduce a high-throughput, microfluidics-based platform to perform kinetic analysis
of phage infections in individual bacteria cultured as planktonic cells with or without spatial
refuges (Fig 1A and 1B, respectively), in the absence of biofilm formation.

In the absence of spatial refuges, exposure of E. coli to T4 resulted in very rapid culture col-
lapse followed by regrowth due to the emergence of genetic resistance to T4. In stark contrast,
in ephemeral refuges, the bacterial population initially expanded, followed by a reduction in
the population with some bacteria surviving phage without the emergence of genetic resistance
mechanisms. These bacterial population dynamics reveal the intrinsic heterogeneity in
response to phage infection, due to the appearance of phenotypic variants, either in a replica-
tive or nongrowing state. Our experimental data and agent-based simulations show that phe-
notypic variants with low phage receptor expression are selected in structured environments
because phages preferentially infect bacteria displaying abundant phage receptors.

Our study represents a stepping stone for understanding how the ecological context affects
bacteria-phage interactions down to the individual cell level and how this drives the evolution-
ary dynamics of bacteria and phage populations. This information will be crucial for
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establishing lytic bacteriophages as a viable therapy, for the development of new biotechnologi-
cal tools, and to predict how phage could shape the ecology and evolution of microbial com-
munities and ecosystem-level processes.

Results

The environmental structure affects bacterial population dynamics during
T4 infection

In well-mixed environments (i.e., shaken 200 ul wells of a 96-microwell plate; Fig 1A) T4 rap-
idly amplified, as expected, in the presence of E. coli BW25113 (S1 Fig and Data A in S1 File).
This resulted in a rapid collapse of the bacterial population, followed by regrowth of the culture
to a final density comparable to bacteria growing in the absence of phages (triangles and cir-
cles, respectively, in Fig 1C and Data B in S1 File), suggesting the emergence of genetically
resistant mutants that could either be preexistent in the initial inoculum or have evolved dur-
ing exposure to phage. This finding was obtained using 10” bacteria as the initial inoculum in
each microplate well and a multiplicity of infection (MOI) of 1. To test for the effect of popula-
tion size on the emergence of resistance, we repeated this experiment with different initial pop-
ulation sizes while maintaining the MOI constant at 1. Similar bacterial population dynamics
were measured when the initial bacterial population was above 10° bacteria per well, whereas
the bacterial population became extinct when the initial inoculum was below 10° bacteria per
well (S2 Fig and Data C in S1 File) in accordance with previous findings [34].

These findings suggest that genetically resistant mutants were preexistent in the initial inoc-
ulum and emerged during exposure to phage. We further verified that these bacterial popula-
tion dynamics were not dictated by the small liquid volumes and reduced bacterial and phage
numbers by measuring similar population dynamics in shaken flasks containing 100 ml liquid
cultures (S3 Fig and Data D in S1 File). Furthermore, by varying the bacterial concentration,
while keeping the phage concentration constant at 10" ml~’, we measured similar bacterial
population dynamics in response to different MOIs (S4 Fig and Data E in S1 File). By sequenc-
ing the bacterial culture following 24 h of exposure to phages, we found a single nucleotide
polymorphism (SNP) in the fliR/rcsA intergenic region (S1 Table). The rcs signal transduction
pathway contributes to envelope stress response by monitoring the cell surface composition
[40]. This pathway regulates several genes including those involved in the synthesis of colanic
acid capsular polysaccharide [40]. RcsA has recently been identified as one of the top candi-
dates that increased E. coli fitness in the presence of several phages, including T4 [41-44], by
inducing the capsule synthesis gene cluster that triggers the overproduction of colanic acid
[40]. Furthermore, we identified additional mutations likely hitchhiking with the capsule asso-
ciated SNP, as they were either present after 6 h but not after 24 h exposure to T4, or were pres-
ent at low frequencies (S1 Table).

In order to contrast these population dynamics with the interactions between E. coli and T4
in homogeneous but ephemeral spatial refuges, we introduced a high-throughput, microflui-
dics-based platform to perform kinetic analysis of phage infections in individual bacteria. We
used a microfluidic mother machine device [45] equipped with thousands of compartments
(i.e., channels of dimensions comparable to those of individual E. coli cells), each initially host-
ing on average one bacterium with an overall initial bacterial population of 10° as in the micro-
well plate experiments above (compare initial populations at t = 0 in Fig 1C and 1D).
However, the key difference compared to a microwell is that the compartments in the mother
machine are physically separated from each other [46], thus preventing both the mixing of the
bacterial population and the direct propagation of phage from an infected and lysed bacterium
to all its surrounding neighbours (Fig 1B), a situation that is encountered in microwells and
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flasks (Fig 1A). Furthermore, the surfaces of such compartments were coated with bovine
serum albumin to prevent cell attachment, thus maintaining bacteria in a confined but plank-
tonic state. Indeed, bacteria wriggled around their position during our time-lapse microscopy
imaging but did not leave their hosting channels due to physical confinement and the reduced
motility of the E. coli BW25113 strain. In control experiments loaded with E. coli in the
absence of phage, the population size expanded 5-fold during the first 2 h of incubation in
Lysogeny broth (LB). Afterwards, the population reached a plateau for the next 22 h of incuba-
tion in LB (circles in Fig 1D and Data F in S1 File) since each channel could only physically
accommodate up to 6 E. coli at one time and the newest progeny at each channel entrance was
flushed in the mother machine outflow. These data confirmed robust growth of E. coli in the
mother machine device as previously reported [45,47]. Indeed, nutrients, oxygen, and meta-
bolic waste diffuse in and out the ephemeral refuges [45] where hosted bacteria do not experi-
ence any additional stress compared to growth in microwells and flasks.

Surprisingly, we measured a comparable initial expansion of the E. coli population per
channel in separate experiments when phages and bacteria where simultaneously added to the
mother machine at t = 0 as in the microwells and flasks experiments above. A constant phage
supply was then maintained throughout the experiments in the mother machine and averaging
measurements from biological triplicate we found that the bacterial population grew from
7,110 + 40 bacteria at t = 0 to a maximum of 25,540 + 310 bacteria following 2 h of phage expo-
sure (triangles in Fig 1D) despite the presence of phages. Moreover, over 70% of the bacteria
were able to divide at least once before lysis within the 24-h exposure to phage (S5A Fig and
Data G in S1 File). These population dynamics in the presence of ephemeral spatial refuges
were in striking contrast with the rapid collapse of the bacterial population upon exposure to
T4 in microwells or flasks (Figs 1C, S3 and S4).

These different bacterial population dynamics could not be ascribed to phages not reaching
the spatial refuges. In fact, fluorescent nanospheres (of dimensions similar to bacteriophage
T4) reached 99% of the spatial refuges within 1 h post-addition to the mother machine (with a
mean of 1.2 + 0.7 particles per channel h™'; S6A Fig and Data H in S1 File). Moreover, the
median residence time was 40 s for each particle in each refuge (S6B Fig and Data I in S1 File),
each particle exploring on average the length of each refuge. Therefore, it is reasonable to
assume that during the 24-h long phage infection assay, each spatial refuge was explored, on
average, by 24 phages, although we cannot exclude that a minority of survivors do not encoun-
ter phages due to the presence of spatial refuges.

The phage concentration affects the bacterial population dynamics in the
presence of spatial refuges

By altering the concentration of phages added into the mother machine, we manipulated the
bacterial population dynamics. We observed complete survival at a low phage density (nomi-
nal MOI of 1, i.e., comparing the initial bacterial and phage population size rather than the
number of bacteria and phages in each refuge; blue circles in Fig 2A and Data ] in S1 File).

On the other hand, during the first 2 h of treatment at a nominal MOI of 10°, the bacterial
population expanded only 2-fold, whereas it expanded 4-fold for treatment at a nominal MOI
of 10 (t = 2 h squares and triangles, respectively, in Fig 2A). This was due to 50% of the bacte-
ria lysing without dividing at a nominal MOI of 10° (S5B Fig and Data G in S1 File). These
experimental data were in accordance with Lattice-Boltzmann simulations, which predicted
that the fraction of compartments that were not reached by at least 1 phage in the first 2 h of
exposure to T4 was close to 1 for a nominal MOI of 1, and close to 0 for a nominal MOI of 10°
and 10° (Fig 2B and Data K in S1 File). These Lattice-Boltzmann simulations also predicted
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Fig 2. The phage concentration affects the bacterial population dynamics in the structured environment. (A) Temporal dependence of the bacterial
population size with T4 phages continuously injected in the mother machine device from t = 0 onwards at an MOI of 1 (circles), 10° (triangles), or 10°
(squares). This MOI refers to the concentrations of phage and bacteria in the entire device rather than in each individual compartment. Data and error bars
are the average and standard error of the mean of 200 single-compartment measurements in biological triplicate. The dashed lines are guides for the eye.

indicates a p-value < 0.0001. (B) Corresponding simulated temporal

dependence of the fraction of phage-free refuges up to time t. Data points were obtained via Lattice-Boltzmann simulations, and statistics was collected
from over 2,600 simulated phages in a periodic cross-section of the mother machine. The dashed lines are guides for the eye. Numerical values for each
replica in Fig 2A and 2B are provided in Data J and Data K in S1 File, respectively. MOI, multiplicity of infection.

https://doi.org/10.1371/journal.pbio.3001406.g002

that under an applied flow rate of 100 ul h™" on average 1.5 + 0.1 particles h™" reached each
compartment in accordance with the nanosphere measurements above and that in the absence
of flow a slightly larger amount of particles (2.0 + 0.2 particles h™") reached each compartment
(S7 Fig and Data L in S1 File).
After the first 2 h of exposure to phage, we observed a steady decline in the bacterial popula-
tion in the structured microfluidic environment at both a nominal MOI of 10° and 10” (Fig
2A). Taken together, these findings suggest that the different bacterial population dynamics
between unstructured and structured environments were not due to reduced phage infectivity
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Fig 3. The structure of the environment impacts the phage population dynamics. Temporal dependence of the concentration of phages infecting E. coli in (A)
the unstructured and (B) the structured environment. Data are the mean and standard error of the mean of biological triplicates. Dashed lines are guides for the
eye. Some of the error bars are hidden behind the corresponding data points. The corresponding bacteria population dynamics are reported in $4 Fig (MOI = 1,
blue circles) and Fig 1D (red triangles), respectively. Numerical values for each replica are provided in Data M in S1 File. MOI, multiplicity of infection.

https://doi.org/10.1371/journal.pbio.3001406.9003
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in the latter environment, but rather to the presence of ephemeral spatial refuges where bacte-
ria could transiently hide from phages in the structured environment. It is also worth noting
that we did not find any significant difference in bacterial death along the length of the micro-
fluidic compartments, in accordance with previous studies showing that the diffusion of mole-
cules (i.e., phage particles in this study) is isotropic across the length of these compartments
[45,47]. Finally, we demonstrated a significantly lower killing by phages for the treatment with
an MOI of 10° compared to an MOI of 10° (5,670 + 630 and 1,280 + 180 bacteria, respectively,
t =24 h squares and triangles in Fig 2B, p-value < 0.0001), suggesting that higher phage doses
do not necessarily imply greater bacterial clearance.

The environmental structure affects bacteria—phage encounter rate
dynamics

To gain a better understanding of the phage population dynamics, the outflow from the
mother machine outlet was collected, and the phage density was measured over time and com-
pared to that found in infection experiments in the unstructured environment. After 2-h addi-
tion of T4 to E. coli growing in the unstructured environment, the phage concentration
increased 100-fold (Fig 3A and Data M in S1 File), whereas the outflow concentration of phage
increased by only a factor of 3 in the structured microfluidic environment (Fig 3B and Data M
in S1 File).

This shows that phage amplification is much less efficient in the structured environment
due to the presence of ephemeral spatial refuges, even if the phages can self-propagate under
those conditions. This further demonstrates that the phages maintain their infectivity within
the microfluidic device. In fact, the phage concentration in the structured environment
steadily increased up to 5 x 10° ml™" at t = 4 h post-addition to the spatial refuges and then
fluctuated between 5 x 10” and 10® ml™” for the subsequent 20 h (Fig 3B), while the bacterial
population steadily decreased (Fig 1D).

Using these data, we could estimate bacteria—phage encounter rates. In the unstructured
environment, the encounter rate can be estimated as follows [48]:

E = C,C,k,

where Cp and Cp are the bacterial and phage concentrations, respectively, whereas k is the dif-
fusion limited rate for small particles (phage) captured upon contact with a spheroidal
absorber (bacterial cell) and can be calculated as follows [48]:

k = 27Dl/In(21/w),

where D is the phage diffusivity, and  and w are the bacterial length and width, respectively.
Taking D = 4 um” s~ and the typical dimensions of E. coli in our study (I = 3 um and

w = 0.8 um), we obtained k = 2.2 x 10~° ml min™", which is in agreement with previously
reported T4 infection rates for E. coli [49]. Considering that at t = 0 the phage and bacterial
concentrations in the unstructured environment are approximatively 10" ml~* (Fig 3A and
blue circles, MOI = 1, in S4 Fig), the estimated encounter rate was 1.2 x 10” encounters ml~’
h™". Therefore, on average, each bacterium encountered at least 1 phage within the first hour
of bacteria and phage addition to the unstructured environment. Similarly, in the structured
environment, each bacterium encountered at least 1 phage within the first hour of phage and
bacteria injection in the mother machine according to our experiments carried out using
nanospheres of dimensions similar to T4 (mean of 1.2 + 0.7 particles per channel per hour;
S6A Fig). However, bacteria—phage encounter rates became dramatically different between the
20 different environments from t = 2 h onwards. In the unstructured environment, the phage
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concentration increased to around 10° ml™" at t = 2 h, whereas the bacterial concentration
decreased to around 10* ml~* (Fig 3A and blue circles, MOI = 1, in S4 Fig). As a result, the pre-
dicted encounter rate was 2.4 x 10° encounters ml~' h™!, each bacterium encountering more
than 200 phages per hour. In the structured environment, in contrast, both the phage and bac-
teria concentrations increased of a factor of 3 at t = 2 h (Fig 3B and red triangles in Fig 1D);
therefore, the bacteria—phage encounter rate remained constant at around 1 encounter per
hour.

We also verified that the measured phage counts in the outflow of control mother machine
experiments in the absence of bacteria or in the presence of bacteria that could not be infected by
phage (i.e., bacteriophage T3) was equal to the phage input (S8A and S8B Fig, respectively, Data
N in S1 File) and rapidly decreased when phages were no longer added to the device input (t = 2
h in S8A Fig). These data demonstrate both phage viability in the mother machine and that any
phage binding to the microfluidic device did not affect the number of phage available for infec-
tion. Finally, we did not observe phage amplification in the presence of spatial refuges for the
treatment with an MOI of 10° (S9 Fig and Data O in S1 File), this explaining the abovementioned
lower killing by phages for the treatment with an MOI of 10° compared to an MOI of 10°.

Phenotypic resistance to T4 in the presence of spatial refuges

Despite phage amplification by t = 24 h, E. coli were capable of surviving exposure to T4 both
in the absence or presence of ephemeral refuges, but via 2 orthogonal strategies. In the absence
of ephemeral refuges, changes to the cell surface (S1 Table) conferred genetic resistance to T4
with the bacterial population expanding up to a maximum of 8 x 10” cells (t = 24 h, triangles
in Fig 1C). In the presence of ephemeral refuges, the bacterial population was not completely
eradicated but reduced to a minimum of 1,280 + 180 bacteria (t = 24 h, triangles in Fig 1D),
revealing population subsets that survived because were phenotypically resistant to T4,
although we cannot exclude that a minority of these survivors did not encounter T4 due to the
presence of spatial refuges. However, these surviving subsets were not genotypically resistant
to T4 since none of the bacteria collected in the outflow of the mother machine grew on LB
agar plates containing T4 (S10 Fig) and no SNPs were identified in these samples.

Taken together, these data suggest that the ecological context affects the outcome of phage
treatment. In fact, selection for genetic resistance to phage in the presence of ephemeral spatial
refuges is relaxed compared to well-mixed environments, due to reduced bacteria—phage
encounter rates in the presence of spatial refuges. Importantly, the lack of emergence of genetic
resistance to T4 in the structured environment could not be ascribed to the number of bacteria
in the microfluidic device since a similar sized bacterial population was capable of evolving
genetic resistance in shaken microwells (t = 0 in Fig 1C and 1D).

We then investigated the mechanisms underlying the phenotypic resistance of E. coli to T4
in the presence of ephemeral spatial refuges. In order to do this, we followed the fate of individ-
ual bacteria throughout the whole duration of our mother machine experiments (representa-
tive fate trajectories in Fig 4 and Data K, Data P, and Data Q in S1 File). We found that some
bacteria rapidly lysed following exposure to phage, leaving cellular debris, and empty micro-
fluidic channels (S11A Fig), others lysed after several hours of phage supply to the microfluidic
device without any cell division (S11B Fig), with one or with multiple cell divisions (S11C and
S11D Fig, respectively).

Crucially, we identified 3 main phenotypic survival strategies to T4. First, we observed that
some bacteria were not killed during phage treatment and did not grow (Fig 4A).

Second, we observed bacteria that grew and divided during exposure to T4. Some of these bac-
teria survived with all their progeny (Fig 4B). For others, one or more of their progeny was killed
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Fig 4. Dissecting E. coli phenotypic resistance to T4. Representative temporal dependence of bacterial density per compartment for a bacterium that (A)
remains viable but nongrowing as determined by live/dead staining at t = 24 h, (B) duplicates and remains alive together with all its progeny, (C) duplicates
but some of its progeny lyses, and (D) filaments upon exposure to T4 phage. Measurements were carried out in 200 channels of the structured mother
machine environment in biological triplicate. Dashed lines are guides for the eye. Numerical values are provided in Data P in SI File.

https://doi.org/10.1371/journal.pbio.3001406.9004

by T4 (Fig 4C). Third, we observed bacterial filamentation in response to T4 exposure (Fig 4D)
but not in control experiments in the absence of T4. The relative number of filamenting cells
increased with time up to a maximum of 0.26 + 0.01 att =7 h (S12 Fig and Data R in S1 File).

The majority of these survivors must have encountered phages considering that (i) nano-
spheres of dimensions similar to bacteriophage T4 reached 99% of the spatial refuges within 1
h post-addition to the mother machine (S6 Fig) with a predicted encounter rate of 1 per hour,
and this was further confirmed via Lattice-Boltzmann simulations (Fig 2B); and (ii) some of
their surrounding clones lysed (S13 Fig), releasing around 100 new viral particles per cell (S1
Fig) in their immediate proximity. However, these cells were not genetically resistant since the
mother machine outflow was readily killed by T4 as described above (S10 Fig).

Heterogeneity in the expression of the phage receptor contributes to
phenotypic resistance in the presence of spatial refuges

We then hypothesised that the observed heterogeneity in E. coli response to T4 was due to cell-
to-cell differences in the expression of one of the key surface receptors for T4, namely OmpC
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[50]. When we used a green fluorescent protein (GFP) reporter strain for ompC expression in
the presence of ephemeral spatial refuges, we found that the subpopulation of E. coli that was
killed by T4 by 24 h (N = 108 susceptible cells) displayed an initial distribution of GFP fluores-
cence (at t = 0) that was significantly higher than the one measured for the subpopulation of E.
coli that survived T4 treatment (N = 42 surviving cells, Fig 5A, p-value = 0.006, **, Data S in S1
File).

In contrast, when the E. coli reporter strain for ompC was exposed to phage T2, which uses
FadL and OmpF, rather than OmpC, as receptors [44], the subpopulation of E. coli that was
killed by T2 by 24 h displayed an initial distribution of GFP fluorescence that was similar to
that measured for the subpopulation of E. coli that survived T2 treatment (N = 85 and 42 sus-
ceptible and surviving cells, respectively, Fig 5B, p-value = 0.93, not significant). Furthermore,
when the E. coli reporter strain for fadL was exposed to phage T4, the subpopulation of E. coli
that was killed by T4 by 24 h displayed an initial distribution of GFP fluorescence that was sim-
ilar to that measured for the subpopulation of E. coli that survived T4 treatment (N = 82 and
31 susceptible and surviving cells, respectively, Fig 5C, p-value = 0.28, not significant). In con-
trast, when the E. coli reporter strain for fadL was exposed to phage T2, the subpopulation of E.
coli that was killed by T2 by 24 h displayed an initial distribution of GFP fluorescence that was
significantly higher than the one measured for the subpopulation of E. coli that survived T2
treatment (N = 72 and 35 susceptible and surviving cells, respectively, Fig 5D, p-
value < 0.0001, ****).

To further verify that the observed heterogeneity in GFP fluorescence was not due to cell-
to-cell differences in plasmid copy numbers or background fluorescence [51], we carried out
control experiments using T4 and an E. coli strain harbouring the same GFP-encoding plasmid
as the ompC and fadL reporter strains but without encoding any promoter (i.e., the promoter-
less plasmid pUA66 from the transcriptional reporter library described in [52], expected to dis-
play homogeneously low levels of background fluorescence due to transcriptional read-
through [53]). Accordingly, we found that the subpopulation of E. coli that was killed by T4 by
24 h displayed an initial distribution of GFP fluorescence (at t = 0) that was similar to the one
measured for the subpopulation of E. coli that survived T4 treatment (N = 54 and 17 suscepti-
ble and surviving cells, respectively, S14 Fig, p-value = 0.62, not significant, Data T in S1 File).
These data confirm that the cell-to-cell differences in GFP fluorescence measured when using
the ompC and fadL reporter strains are not due to plasmid copy numbers or background fluo-
rescence. We further verified that the different E. coli strains employed displayed comparable
growth at the population level in the unstructured environment (S15 Fig, Data U in S1 File).

Furthermore, when we performed the single-cell infection assay in the presence of ephem-
eral spatial refuges with an E. coli ompC deletion mutant, we found an increase in the bacterial
population compared to the parental strain with a maximum of 34,750 + 1,430 at t = 2 h (Fig
5E and Data V in S1 File). This population increase was likely due to a significant increase in
the mean number of divisions, with fewer cells lysing after 0 or 1 divisions (mean division
number before death of 1.6 and 2.4 for the parental and AompC strain, respectively, Fig 5F and
Data W in S1 File). This may be due to phages binding to the bacterial surface less efficiently
since the T4 receptor, OmpC, had been removed. This reduction in binding sites for T4 may
also have led to a delay in the predicted extinction time of the mutant compared to the parental
strain (17 and 10 h after T4 addition, respectively; Fig 5E). Collectively, these data suggest that
in the presence of spatial refuges, phages select for bacteria with low expression of phage sur-
face receptor by preferentially infecting and killing bacteria displaying high expression of
phage receptors.

In order to explore these findings further, we developed a mathematical modelling frame-
work to track the population dynamics of bacteria resistance to phage in 2 different
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values for Fig 5A-5D are provided in Data S in S1 File. Numerical values for Fig 5E and 5F are provided in Data V and Data W in S1 File. GFP, green
fluorescent protein; OmpC, outer membrane protein C.

https://doi.org/10.1371/journal.pbio.3001406.g005
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environments: structured and unstructured. In this model, bacteria are characterised by 2
independent traits, genetic resistance and phenotypic resistance associated with surface recep-
tor expression levels. Structure is introduced by subdividing the population into a large num-
ber of separate channels, each with a relatively small carrying capacity, similar to our
experimental setup (see Methods for full model details). We simulated this model in the
absence of structure (akin to well-mixed broth, with a carrying capacity of 10° bacteria) and in
the presence of structure (akin to ephemeral spatial refuges, with an overall carrying capacity
of 4 x 10* bacteria) using a secondary infection rate of R = 20 (i.e., the average number of sec-
ondary infected bacteria that can arise per infected cell assuming all cells are susceptible).
Note, the qualitative dynamics presented here are independent of the value of R, which mostly
affects the speed at which selection for resistance occurs.

As shown in Fig 6, the model simulations are well aligned with our experimental findings,
showing that in the presence of phage, the bacterial population expands to a greater extent in
the unstructured environment compared to the structured environment (Fig 6A and Data X in
S1 File) due to the emergence and rapid selection of genetic resistance only in the unstructured
environment (Fig 6B).

Moreover, these simulations revealed that in both environments, the average phenotypic
resistance to phage, linked to phage receptor expression, increased over time (Fig 6C) due to
selection of phenotypic variants that survive phage in the absence of genetic mutations. In the
structured environment, the average phenotypic resistance to phage plateaued from 20 genera-
tions onwards. In the unstructured environment, the average phenotypic resistance started to
decrease after 20 generations (Fig 6C) due to the emergence of genetic resistant mutants (Fig
6B) with full protection against phage infection independently of surface receptor expression.

Finally, our agent-based simulations revealed that after 25 generations, phages preferen-
tially infected bacteria displaying abundant surface receptors (Fig 6D and Data Y in S1 File) in
accordance with our experimental data (Fig 5A and 5D).

Discussion

The ecology and evolution of microbial communities are shaped by bacteria-phage interac-
tions, and there is growing evidence that coevolution favours phenotypic and genetic diversi-
ties [1,54,55]. A diverse arsenal of genetic mechanisms permitting bacteria to resist temperate
and lytic phages have been reported [7,8,56]. In contrast, phenotypic mechanisms have been
reported only for bacterial survival to temperate phages [39,57,58], whereas phenotypic
responses to virulent phages remain to be investigated. This fundamental gap, in our knowl-
edge, is partly due to the fact that bacteria—phage interactions have traditionally been investi-
gated via population-level studies that do not permit the dissection of phenotypic
heterogeneities within populations. Here, we fill this fundamental gap by demonstrating that
in contrast with known genetic resistance mechanisms in well-mixed environments
[41,42,59], E. coli display 3 previously unrecognised short-term phenotypic resistance strate-
gies to phage T4 in the presence of ephemeral spatial refuges. In the latter environment, selec-
tion for genetic resistance is relaxed due to reduced bacteria-phage encounter rates.
Moreover, any genetically resistant bacteria cannot spread beyond their hosting spatial refuges
in accordance with the predictions generated via our agent-based modelling framework.
Finally, it is also conceivable that a minority of bacterial survivors do not encounter phages in
the spatial refuges. However, this is unlikely considering that each spatial refuge is explored on
average by 24 phages and some of the clones surrounding these phenotypic survivors lyse,
releasing around 100 new viral particles per cell.
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Data Y in S1 File.

https://doi.org/10.1371/journal.pbio.3001406.9006

These novel findings advance our current understanding of resistance to phage, by
strengthening recent evidence that in naturally structured environments, the level of genetic
resistance evolution is lower compared to within well-mixed environments [26,27,30,33—
35,59], possibly because neither phage nor resistant bacteria can freely spread through the pop-
ulation, making the evolution of genetic resistance more costly in natural environments [26].
The evidence above was obtained in heterogeneous spatial environments such as biofilms
where bacteria in the colony centre phenotypically survive phage either by reducing their
growth or being protected by the biofilm matrix [34,35] and neighbouring cells in the outer
rim. Here, we deepen this knowledge by demonstrating, for the first time, that phenotypic but
not genetic resistance to lytic phages is an intrinsic fundamental feature of individual bacteria
in homogeneous spatial environments where bacteria are isolated from their clonal kin, thus
in the absence of population effects such as quorum sensing and biofilm formation. Biofilm
formation does not play a role in our structured environments since their surface coating pre-
vents cell attachment; however, it would be interesting in future to contrast the findings
reported in this study with measurements performed in spatial refuges permitting bacteria
attachment. Quorum sensing involves the production, secretion, and recognition of autoindu-
cers [60] and is likely to occur in our E. coli BW25113 bulk cultures since the Isr operon,
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responsible for the internalisation and degradation of autoinducers, is significantly up-regu-
lated at the transition from exponential to stationary phase [61], according to previous work
on quorum sensing [62]. Quorum sensing can alter the number of phage receptors and phage
absorbance [63]. Since it has been shown that OmpC is up-regulated by quorum sensing [64],
it is conceivable that at least some E. coli cells in isolation in spatial refuges down-regulate
ompC expression. Indeed, we found heterogeneity in ompC expression in bacteria isolated in
spatial refuges in accordance with previous work [65]. These novel findings reinforce previous
work suggesting that in compartmentalised environments with few susceptible hosts, phages
tilt their interaction with bacteria towards a mutualistic or prudent use of host resources [66].

One of the historic criticisms of phage therapy is that bacteria readily evolve genetic resis-
tance to phage allowing bacteria to maintain high population densities [19,67]. Here, we show
that although phenotypic resistance to phage in structured environments might appear as a
bacterial strategy to circumvent phage attack, it does not permit bacteria to maintain high pop-
ulation densities. Our experimental setup is clearly a simplified model system and is not
intended to predict phage therapy outcomes but can be used to complement standard microbi-
ological plate and broth culture methods. Nevertheless, our results corroborate previous work
suggesting low levels of CRISPR immunity evolution in Pseudomonas aeruginosa colonising
the lungs (i.e., structured environments) of cystic fibrosis patients [68]. Moreover, low levels of
genetic resistance evolution were reported in successful phage therapy case studies in vivo
[69-71]. If validated via in vivo model systems, our data will further aid rationally designing
phage therapy since we also show that higher phage doses are not always beneficial in clearing
bacterial populations in the presence of ephemeral refuges.

Our data also deepen our understanding of the effect of the environment on virulence
trade-offs. In well-mixed environments, phages freely propagate among bacteria and rapidly
amplify 100-fold in accordance with previous studies [9,20]. In contrast, in the presence of
ephemeral refuges, phages need to reach the bacteria-hosting compartments and thereafter
amplify only 3-fold. Recent scientific and clinical evidence suggest that in vivo phage therapy
often fails due to administration of a lower phage dose than intended [13,69,72,73]. Here, we
offer a possible explanation for these failures by demonstrating that the same phage dose
amplifies to a lower extent in the presence of ephemeral refuges. We also demonstrate that the
phage population is maintained in the absence or presence of spatial refuges despite the emer-
gence of genetic or phenotypic resistance, respectively. These data strengthen the hypothesis
that bacterial populations harbour a minority-sensitive population that supports the phage
population and that has a competitive advantage over resistant bacteria under conditions of
resource limitation [19]. Alternatively, this phage reservoir could be attributed to bacterial sub-
sets that are only transiently phenotypically resistant to phage, a point on which we expand
below.

Our data demonstrate that phenotypic resistance to phage is partly due to heterogeneity in
the expression of the phage receptor, permitting some bacteria with lower phage receptor
abundance to survive phage treatment (OmpC and FadL for phage T4 and T2, respectively). It
is conceivable that this differential phage receptor regulation is driven, at least in some individ-
ual bacteria, by decreased quorum sensing, which is known to induce ompC expression [64],
due to bacteria being isolated in spatial refuges. However, cell-to-cell differences in phage
receptor expression might not be the only mechanism underlying the observed phenotypic
resistance to phage. Phenotypic heterogeneity in the expression of known phage resistance fac-
tors could also contribute to the observed phenotypic resistance to phage in structured envi-
ronments and should be further investigated. For example, differential expression of toxin-
antitoxin modules, such as MazEF and ToXI [74,75], or abortive infection systems, such as
Rex, Lit, Rnl, or PrrC, could result in the inhibition of phage replication in some cells by

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 14/29


https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

inactivating the host transcription and translation machinery [56,76]. Such mechanisms could
underlie the nongrowing phenotype we observe that resembles nondividing E. coli persister
cells that are not lysed during phage infection [39] or antibiotic treatment [77] and often rely
on dormancy controlled via toxin-antitoxin modules [78]. Phenotypic heterogeneity in the
composition of the LPS, another major receptor for T4 [50,79,80], could underlie bacterial sur-
vival and duplication in the presence of T4 but in the absence of OmpC. Cell-to-cell differences
in the activation of the secondary messenger cGAMP leading to delayed cell lysis [81] could
explain our finding that a few bacteria lyse after one or more duplications. Retarded lysis post-
phage introduction could also be due to lysis inhibition due to reinfection of a previously
infected cell that can prolong the lifetime of the infected bacterium [82,83]. Accordingly, we
did not observe phage amplification in the presence of spatial refuges for the treatment with an
MOI of 10°, suggesting that higher phage doses do not necessarily imply greater bacterial clear-
ance in structured environments. Finally, a number of studies have reported bacterial filamen-
tation after prolonged exposure to sublethal stress [84-86] that has been linked to the
induction of the SOS response by recA in E. coli [87]. Here, we report, for the first time, that
bacteria filamentation occurs also under prolonged exposure to phages, a finding that has
remained unrecognised in previous bulk studies. This highlights the importance of investigat-
ing bacteria—phage interactions at the single-cell level. Considering that these bacteria typically
became longer than their hosting channel by t = 7 h and thus were removed from the mother
machine device by the fluid flow in the main channel, we have not pursued this phenotype any
further. However, the full characterisation of the fate of filamenting bacteria could be in future
carried out by using other microfluidic devices with large and shallow chambers that have
been previously employed to characterise bacterial response to antibiotics [85]. This variety of
phenotypic responses to phage strengthen the hypothesis that microbial populations can adopt
a variety of strategies to survive multiple environmental stressors, thus diversifying the popula-
tion phenotypic content [88].

In conclusion, by demonstrating that phage-imposed genetic and phenotypic trade-offs are
environment dependent and by offering an experimental model system for the investigation of
bacteria—phage interactions at the single-cell level, we both deepen the current understanding
of the dynamics of phage-bacteria interactions and lay down a stepping stone for dissecting
the molecular mechanisms underlying phenotypic survival to phages that plays a crucial role
in natural environments.

Methods
Materials

All materials were purchased from Fisher Scientific or Sigma-Aldrich unless otherwise stated. LB
was purchased from Melford Miller’s and consisted of 10 g/L tryptone, 5 g/L yeast extract, and

10 g/L NaCl. E. coli strain BW25113, an ompC deletion mutant, an ompC GFP reporter strain,
and a strain harbouring an empty vector, U66, containing GFP but no promoter) were purchased
from Dharmacon (GE Healthcare, Lafayette, Colorado, USA). Both the ompC reporter strain and
the empty vector have a bright, fast-folding GFP with an expressional life span of 8 h in a low-
copy plasmid (pMS201) [52]; the promoter region of ompC was inserted upstream of GFP in the
ompC reporter. T2 and T4 phages (ATCC-11303-B2 and ATCC-11303-B4, respectively) were
purchased from LGC Standards (LGC Standards, Middlesex, United Kingdom).

Bacterial culture and phage propagation

Overnight cultures were prepared by picking a single colony of E. coli BW25113, the ompC
GFP reporter strain, the empty vector U66, or the ompC deletion mutant from an LB agar
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plate (1.5 g/L agar) and growing it in 200 ml fresh LB on a shaking incubator at 200 rpm and
37°C overnight (i.e., 17 h). Excluding the BW25113 parental strain, the cultures were incubated
with 25-pg/ml kanamycin. After 17-h incubation, the culture was diluted 1:1,000 in fresh LB,
and growth was measured hourly by taking 3 aliquots that were then centrifuged (13,000 g for 5
min), the supernatant was removed, the pellet was resuspended in phosphate-buffered saline
(PBS), and serial dilutions were plated on LB agar for colony-forming unit (CFU) counts.

T4 phages were propagated by adding them at an MOI of 1 to a liquid culture of E. coli
BW25113, grown in LB for 6 h, and incubated overnight at 37°C. Phages were collected after
centrifugation of the infected overnight culture at 4,000 rpm for 30 min and filtering twice
(Medical Millex-GS Filter, 0.22 um, Millipore). Phages were enumerated via overlay plaque
assays and stored at 4°C at a concentration of 5 x 10° plaque-forming units (PFUs) ml ™"

Infection assay in the unstructured environment

Overnight cultures of E. coli were diluted in LB so that wells contained varying total numbers
of bacteria, from 10° up to 10* cells per microwell in 96-microwell plates. The loaded dilutions
were confirmed through CFU spot assay. After adjusting the phage concentration to achieve
an MOI of 1 in every well, 100 pl of bacteria were added to each well along with 100 pl of T4
phage. The plate was incubated at 37°C shaking at 100 rpm, and OD 600 measurements were
taken every 30 min for 24 h (CLARIOstar plate reader, BMG LABTECH, Ortenberg, Ger-
many). Calibration curves were used to map OD values to CFUs through periodically sampling
the well contents and performing CFU spot assays. The presence of resistant bacteria at 24 h
was confirmed through streaking samples onto plates inoculated with phage and incubating
over night at 37°C.

Similar infection assays were performed in well-mixed flasks by subculturing overnight E.
coli cultures in flasks containing 100 ml LB at a starting concentration of either 107, 10, or 10*
CFUs ml ™. Phages were added adjusting their concentration to obtain an MOI of either 1,
10%, or 10° depending on the specific experiment. Such flasks were then placed on a shaking
incubator at 200 rpm and 37°C for 24 h to maintain an unstructured environment throughout
the infection assay. A volume of 20 pl was taken at hourly time points and 10-fold serially diluted
in LB down to 10™® for CFU enumeration. A volume of 10 pl of each dilution was spotted on LB
agar plates in technical triplicate and left to dry at room temperature. In addition, 200 pl was also
taken, 10% chloroform added to each aliquot and each aliquot used for PFU enumeration. In
order to do so, each aliquot was lightly vortexed for 10 min, before being centrifuged at 4,000
rpm for 5 min (Eppendorf MiniSpin Microcentrifuge). A volume of 20 pl of the supernatant was
taken and 10-fold serially diluted in LB down to 10~°. A volume of 5 ul of each dilution were
spotted in technical triplicate and incubated overnight at 37°C onto plates prepared as follows:

4 ml of liquid 0.5% LB agar was pipetted onto plates containing 1.5% agar LB followed by 100 ul
of an overnight E. coli culture and left to set at room temperature before spotting phage.

Infection assay in the structured environment

The microfluidic mother machine device, with ten thousands of compartmentalised channels
each hosting between 1 and 6 bacteria, was fabricated and assembled as previously reported
[89,90]. Briefly, each channel had a cross section comparable to the size of individual E. coli
cells (=1 x 1 um®) and a length of 25 um. These channels were connected to a main microflui-
dic chamber that was 25 and 100 pm in height and width, respectively. A volume of 10 pl of 0.5
mg/ml bovine serum albumin was added to a 50-ml aliquot of an E. coli overnight and centri-
fuged for 5 min at 4,000 rpm and 20°C. The supernatant was filtered twice (Medical Millex-GS
Filter, 0.22 um, Millipore, Burlington, Massachusetts, USA), and 1 ml of this “spent” LB was

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 16/29


https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

used to resuspend the bacterial pellet to an ODgg nm (0ptical density at 600 nm) of 50. This
facilitated filling the dead-end channels of the mother machine, while maintaining the bacteria
in stationary phase as previously reported [89]. A 2-ul aliquot of the concentrated bacterial sus-
pension above was loaded into the main delivery channel of the mother machine device, and
the chip was incubated at 37°C for approximately 20 min. We aimed for approximately 50% of
the mother machine dead-end channels to be loaded with 1 or 2 bacteria to facilitate the assess-
ment of the fate of individual bacteria throughout the single-cell infection assay. The chip was
then connected to fluorinated ethylene propylene tubing (1/32" x 0.008"), with the inlet tubing
attached to a flow rate unit (Flow Unit S, Fluigent, Paris, France) controlling the pressure
applied by a computerised pressure-based flow control system (MFCS-4C, Fluigent), and the
outlet tubing into a separate waste tube allowing for the phage-containing outflow to be col-
lected at regular time points.

The chip was mounted on an inverted microscope (IX73 Olympus, Tokyo, Japan) within
an environmental chamber kept at 37°C, and spent LB was flushed through the main channel
of the chip at 300 pl/h for 8 min before lowering the flow rate to 100 pl/h. A first set of bright
field images was acquired via a 60x, 1.2 N.A. objective (UPLSAPO60XW, Olympus) and a
sCMOS camera with an exposure time of 0.01 s (Zyla 4.2, Andor, Belfast, United Kingdom).
For experiments with the ompC GFP reporter strain, we also acquired fluorescence images by
using a FITC filter and a blue LED at 20% intensity (CoolLED pE200white, maximal
power = 200 mW, Andover, UK). About 50 areas of the mother machine were imaged, each
area containing 23 channels, typically hosting 1 or 2 bacteria per channel.

Phages were then diluted to a concentration of 10% 107, or 10° PFU ml™ in LB depending
on the specific experiment and added to the mother machine at 300 pl/h for 8 min before low-
ering the flow rate to 100 pl/h. Bright (and fluorescence) images were then acquired every
hour for 24 h. At t =24 h, propidium iodide (PI, Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) was introduced into the chip to distinguish between viable but nongrowing
bacteria (not stained by PI) and dead bacteria with compromised cell walls (stained by PI).
Through the chip, 20 uM PI in LB was flowed at 300 puL/h for 8 min then reduced to 100 pl/h
for an additional 10 min prior to imaging with a TRITC filter, a green LED at 100% intensity,
and a camera exposure time of 0.01 s.

Since each mother machine channel typically accommodates up to 6 bacteria, some of the
bacterial progeny was pushed out from the open end of the hosting channels during the single-
cell assay, and the fate of such cells during T4 exposure could not be directly measured. There-
fore, we predicted the probabilities of the possible fates of these cells (i.e., killed by T4 or sur-
viving T4) based on the measurable fate for the remaining 95% of the population. Moreover,
filamentation was defined as a cell over twice the average length of control bacteria growing in
the hosting channels of the mother machine (i.e., longer than 7 um).

In order to measure the phage population dynamics, the mother machine outflow was col-
lected hourly into tubes containing 1 mg/ml kanamycin to prevent phage replication and seri-
ally diluted in LB and spotted on plates prepared as follows: 4 ml of liquid 0.5% LB agar was
pipetted onto plates containing 1.5% LB agar. A volume of 200 ul of an overnight E. coli culture
(E. coli BW25113 or E. coli B in the case of phage T4 and phage T3, respectively) was added to
each plate, followed by 100 pL of each phage dilution. Plates were incubated overnight at 37°C,
and plaque counts were enumerated. Only plates containing 30 to 300 plaques were counted.

In order to measure the number of particles reaching individual spatial refuges, we used
fluorescent nanoparticles with size similar to bacteriophage T4 (i.e., amine-modified polysty-
rene beads conjugated to orange fluorescent dye, diameter range 100 to 120 nm, Sigma-
Aldrich, St. Louis, Missouri, USA). Such nanoparticles were injected in the mother machine at
a concentration of 10” particles ml ™" at a flow rate of 100 ul h™", and their diffusion in 20 spatial
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refuges was continuously imaged for 2 h via a Texas red filter, a green LED at 100% intensity,
and a camera exposure time of 0.1 s. This experiment was performed in triplicate.

Assessment of bacterial genetic resistance to T4

A volume of 100 pl aliquots were taken at hourly time points during infection assays in both
the structured and unstructured environments. A volume of 20 ul T4 lysate containing approx-
imately 10° PFU ml~ was pipetted down an agar plate and let dry. A sterile loop was dipped
into each bacterial aliquot and streaked across the plate embedded with T4 phage to verify bac-
terial resistance to T4.

Bacterial genome sequencing and variant identification

Aliquots of control bacteria unexposed to T4 phage and bacteria that had become resistant fol-
lowing exposure to T4 for 6 or 24 h in the unstructured environment were grown overnight
on agar LB. A single colony was added to 100 pl PBS and streaked onto a second agar plate
ensuring 1/3 coverage and incubated overnight at 37°C. All bacteria on the plate were trans-
ferred into the barcoded bead tube provided by microbes NG and sent to MicrobesNG for
genome sequencing. Aliquots from each overnight culture were washed with extraction buffer
containing lysozyme and RNase A and incubated for 25 min at 37°C. Proteinase K and RNa-
seA were added and incubated for 5 min at 65°C. Genomic DNA was purified using an equal
volume of SPRI beads and resuspended in an elution buffer made of 10 mM Tris-HCI (pH
8.5). DNA was quantified in triplicates using the Quantit dSSDNA HS assay in an Eppendorff
AF2200 plate reader. Genomic DNA libraries were prepared using Nextera XT Library Prep
Kit (Illumina, San Diego, United States of America) following the manufacturer’s protocol
with the following modifications: 2 ng of DNA were used as input, and the PCR elongation
time was 1 min. DNA quantification and library preparation were carried out on a Hamilton
Microlab STAR automated liquid handling system. Pooled libraries were quantified using the
Kapa Biosystems Library Quantification Kit for Illumina on a Roche light cycler 96 qPCR
machine. Libraries were sequenced on the Illumina HiSeq using a 250-bp paired end protocol.
Reads were adapter trimmed using Trimmomatic 0.30 with a sliding window quality cutoff of
Q15 [91]. De novo assembly was performed on samples using SPAdes version 3.7 [92], and
contigs were annotated using Prokka 1.11 [93].

Following filtering, sequence quality scores were assessed with FastQC. As the mean base
quality (Phred) scores were >30 for all files, no further filtering was applied. The resultant
reads were used to identify mutations against the E. coli BW25113 reference genome (NCBI
reference sequence: NZ_CP009273.1) using the BRESEQ pipeline, default settings, “polymor-
phism” mode [94]. BRESEQ uses Bowtie2 [95] to map reads to the reference genome then
recalibrates base quality scores using base position in the read. SNPs were determined using a
negative binomial model to determine SNP likelihood based on read depth coverage. The
default threshold frequency of 0.05 was used to identify variants. Deletions were determined
from missing coverage and insertions and duplications from read junction evidence. We
found no mutations between the reference genome and control bacteria unexposed to T4
phage, therefore did not modify the reference genome prior to mutation calling.

Image and data analysis

Quantitative information on the bacterial population dynamics in the structured environment
was extracted by loading the time-lapse microscopy images of the bacteria-hosting channels in
Image]. The number of cells present in each channel was counted at each time point, and the

cell fate (i.e, live, dead, filamenting, or lost) was assessed using both bright field images and PI
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staining images at t = 24 h. This analysis was carried out on 200 channels in each experiment
allowing to infer the overall bacterial population dynamics in 6,000 channels of each mother
machine device. For experiments with the ompC reporter strain, the GFP fluorescence levels
associated with each bacterium prior to T4 exposure (t = 0) were extracted using the MMHel-
per software [96]. Quantitative information on the diffusion of fluorescent nanoparticles in the
structured environment was extracted by loading the time-lapse fluorescence microscopy
images in Image]J and counting the number of particles reaching each spatial refuge during
each 2-h long exposure. In order to exclude spurious noise [97,98], we retained as events only
those for which a particle explored a spatial refuge for three consecutive frames (i.e., >0.3 s).
Particle residence times were measured as the lapse of time between particles entering and
leaving the same spatial refuge. Data analysis and plotting was conducted using GraphPad
Prism 7. Data were tested for normality using a Shapiro-Wilk normality test. Linear regres-
sions were conducted on the survival fractions from t = 2 h to t = 7 h post-phage addition to
extrapolate the intercept to the x-axis, i.e., the predicted time of eradication of the whole bacte-
rial population. Survival fractions at t = 24 h were compared via ¢ test.

Numerical simulations

The mother machine geometry (see Methods section: Infection assay in the structured envi-
ronment) was simulated as a periodic domain with 1 main and 2 lateral channels, and the Lud-
wig Lattice-Boltzmann code used to calculate the flow field in this domain [99]. In order to do
this, the Navier-Stokes-Fourier equations were solved on a discrete lattice. To reproduce the
desired geometry, points of the lattice were marked as either wall or fluid, with each lattice
point marking the centre of a cubic element. In this simulation, the side length of each element
corresponded to 125 nm. To recreate the pressure gradient acting on the fluid in the main
channel of the mother machine, a body force acting along the axis of the main channel was
applied uniformly at each lattice point marked as fluid. The Ludwig simulations were run until
the flow converged to a steady state. The steady-state flow field was then coupled to an agent-
based code written in Python and scaled so that the expected flow rate matched the experimen-
tal value of 100 ul h™". Phages were modelled as noninteracting point particles following a ran-
dom walk due to diffusion and advected by the steady-state flow. Phage particles were
randomly initialised within the periodic domain, and the time taken for each one to first enter
a channel was recorded. The positional accuracy of the simulation was in the order of 100 nm,
determined by the expected mean squared displacement of the phage in dimensional units.
The timestep in the simulation was chosen to be 5 ms in order to match the positional accuracy
above. At this accuracy, data from over 2,600 phages were collected. All simulations were run
on a HP EliteOne 800 G3 with Intel Core i5-6500 CPU with 8 GB RAM.

Agent-based mathematical modelling

We devised a probabilistic individual-based model to investigate the effect of the environmen-
tal structure on bacterial population dynamics. The model was constructed to replicate the 2
different experimental setups: (i) unstructured, where bacteria and phage mix freely; and (ii)
structured, where the bacteria population is divided into n (physically) separated subpopula-
tions in a similar fashion to the bacteria-hosting channels used in the experiments. The initial
population size was the same for both setups (i.e., 10* bacteria), although the carrying capacity
varied (Kynstructured = 10% Kigructured = 4 X 10%) due to the physical restrictions imposed by the
bacteria-hosting channels, where excess bacteria are continuously flushed out of the system.
For model simulations, we assumed a maximum capacity of 20 bacteria per bacteria-hosting
channels, with n = 2,000 bacteria-hosting channels in total.
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Bacteria are described by 2 independent resistance-associated traits: (i) surface receptor
expression level, p; and (ii) genetic resistance, y. Variation in surface receptor expression is
proxied by a phage infection probability p (p€[0.5, 1]), with higher expression levels equating
to a higher probability that a bacteria-phage encounter leads to infection. Genetic resistance,
on the other hand, is a binary trait (y = 0,1) that is assumed to confer full protection against
phage infection—independent of surface receptor expression. Both traits are assumed heredi-
tary, i.e., replicating bacteria pass on their traits to daughter cells albeit with minor variation in
receptor expression level (pyew ~ N(poia» 0.1)).

The model is time discrete with a time unit equalling the bacterial generation time. That is,
at each timestep, uninfected bacteria double in number up to the carrying capacity. For sim-
plicity, we assumed that cell lysis operates on the same time scale, such that infected bacteria
die and release phage from one generation to another. For simplicity, we do not keep track of
individual phages released per cell but instead proxy this through the average number of sec-
ondary infected bacteria that can arise per infected cell assuming all cells are susceptible. This
is given by R, which reduces to R, = RN,./(N,,, + N, ), With Ny inf being the number of
uninfected and infected bacteria, respectively. Note, in the structured environment, there can
be significant variation in R, between individual channels. Phage infection itself is a probabilis-
tic event, with the total number of possible secondary infections (per channel in the structured
environment), S;, following a Poisson distribution (S;,¢~ Pois(R; X Niyg)), and the probability
of invasion being successful according to an individual bacteria’s receptor expression level.

We initialised the model with bacteria being at 25% carrying capacity in the structured
environment and 1% carrying capacity in the unstructured one (Nj,; = 10? for both setups);
however, the results presented were independent of the initial population density. We did not
account for genetic resistance arising de novo; instead, we assumed a background frequency of
resistance of 5/10,000 in accordance with our experimental data. The initial receptor expres-
sion level was assumed to be normal with an average of 0.7 and standard deviation SD = 0.08.
Due to its probabilistic nature, repeat model runs were necessary to derive robust averages,
and the results presented here are based on at least 20 model simulations, seeded with 200 ran-
domly selected bacteria assumed to be infected (as the model does not explicitly account for
phages). To illustrate the difference in expression levels between successful and unsuccessful
infection events we randomly sampled from 200 potential infections and recorded the bacte-
ria’s surface receptor levels. The model was implemented in C++.

Supporting information

S$1 Table. Position, frequency, mutation, annotation, gene, and description of the muta-
tions identified by sequencing the DNA extracted from overnight cultures grown from
bacteria that had become resistant to T4 after 6 or 24-h exposure to T4 in the unstructured
environment compared to the DNA extracted from control bacteria unexposed to T4
phage.

(DOCX)

S1 Fig. Temporal dependence of T4 phage density when phages were added att =0 to an E.
coli culture growing exponentially in an unstructured environment (i.e., a flask shaken at
200 rpm and 37°C). Data are the mean and standard error of the mean of measurements per-
formed in biological duplicate and have been normalised to the first reading at t = 6 min. The
dashed line is a guide for the eye. Measurements started at 6 min following a 3-min adsorption
period and a further 3 min where the sample was diluted 1,000-fold in prewarmed LB broth.
Numerical data for each replica are provided in Data A in S1 File. LB, Lysogeny broth; PFU,
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plaque-forming unit.
(TIFF)

S2 Fig. Temporal dependence of bacterial population size in well-mixed 100 pl microwells
starting at 3 different bacterial population sizes, 10° (black squares), 10° (red triangles),
and 10 (blue circles) bacteria, with T4 phages added at t = 0 at an MOI of 1. Data are the
mean and standard error of the mean of 10 biological replicates in 10 microwells. Note that
only 10% of the microwells tested displayed regrowth when the initial population was 10” bac-
teria. In contrast, at an initial population of 10° and 10* bacteria, 40% and 80% of the micro-
wells tested displayed regrowth. Numerical data for each replica are provided in Data C in S1
File. MOI, multiplicity of infection.

(TIFF)

S3 Fig. Temporal dependence of bacterial population size in well-mixed 100 ml flasks in
the absence (black circles) and presence (red triangles) of T4 phages added att =0 at an
MOI of 10. Data are the mean and standard error of the mean of biological triplicates. Numer-
ical data for each replica are provided in Data D in S1 File. MOI, multiplicity of infection.
(TIFF)

S4 Fig. Temporal dependence of bacterial density when phage T4 were added at t =0 at an
MOI of 1 (circles), 10 (squares), or 10° (triangles) to an E. coli culture in the unstructured
environment (i.e., 100 ml shaken flasks). The phage concentration was kept fixed at 10" ml ™/,
whereas the bacterial concentration was 107, 10°% or 10* ml™* to obtain the MOTIs indicated
above. Data are the mean and standard error of the mean of triplicates. Some of the error bars
are hidden behind the corresponding data points. Dashed lines are guides for the eye. Numeri-
cal data for each replica are provided in Data E in S1 File. MOI, multiplicity of infection.
(TIFF)

S5 Fig. Relative number of individual E. coli that upon exposure to T4 phage at an MOI of (A)
10° or (B) 10° in the structured environment died without duplicating (0), duplicated once (1),
twice (2), 3 or more times (3) before death. Data are the mean and standard error of the mean
of measurements performed on a total of 450 and 154 E. coli cells from biological triplicate for
MOI 10” and 10°, respectively. Numerical data for each replica are provided in Data G in S1
File. MOI, multiplicity of infection.

(TIFF)

S6 Fig. (A) Distribution of the number of fluorescent nanoparticles reaching the spatial ref-
uges within 1 h post-addition to the mother machine device. Data and error bars are the mean
and standard error of the mean of measurements collected from 60 spatial refuges in 3 differ-
ent mother machine experiments with 100 nm fluorescent nanoparticles flowing in the device
for 2 h. (B) Corresponding distribution of residence times (i.e., the lapse of time between the
entrance and exit of a particle from a refuge) collated from the 3 experiments above. The
dashed line is the distribution median. Numerical data for each replica are provided in Data H
and Data I in S1 File, respectively.

(TIFF)

S7 Fig. Flow rate dependence of the average number of phages reaching each channel every
hour. Data points were obtained via Lattice-Boltzmann simulations, and statistics was col-
lected from over 200 simulated phages in a periodic cross-section of the mother machine. The
dashed line is a guide for the eye. Numerical data are provided in Data L in S1 File.

(TIFF)
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S8 Fig. Temporal dependence of phage density collected in the mother machine outflow
when (A) T4 phages were added to the structured mother machine environmentatt=0ata
concentration of 10” phage ml~ in the absence of bacteria and removed from the mother
machine environment at t = 2 h, and (B) T3 phages were continuously added to the mother
machine from t = 0 onwards at a concentration of 10” phage ml™" in the presence of E. coli
BW25113 (that cannot be infected by phage T3). The dashed lines are guides for the eye.
Numerical data for each replica are provided in Data N in S1 File.

(TIFF)

S9 Fig. (A) Temporal dependence of bacterial population size when phages were continuously
injected in the mother machine device at an MOI of 10° (triangles) or 10° (squares). Data and
error bars are the average and standard error of the mean of 530 (triangles) and 208 (squares)
single-compartment measurements from biological triplicate experiments in the mother
machine. The dashed lines are guides for the eye. Some of the error bars are hidden behind the
corresponding data points. (B) Corresponding temporal dependence of the concentration of
phages collected in the mother machine output. Data are the mean and standard error of the
mean of biological triplicates. Dashed lines are guides for the eye. Some of the error bars are
hidden behind the corresponding data points. Dotted lines indicate the constant supply of
phages in the mother machine input for the 2 MOIs. Data above each respective dotted line
indicate phage amplification; data below the corresponding dotted line indicate the absence of
phage amplification due to lysis inhibition. Numerical data for each replica are provided in
Data J and Data O in S1 File. MOI, multiplicity of infection.

(TIFF)

$10 Fig. Representative image of E. coli output from the structured environment after
24-h exposure to T4 phage streaked horizontally (from left to right) in triplicate on an LB
agar plate. The red arrows indicate T4 phage pipetted along the vertical direction (from top to
bottom) on the plate, demonstrating that bacteria did not grow in the presence of phage and
hence were not genetically resistant to phage. LB, Lysogeny broth.

(TIF)

S11 Fig. Representative fate trajectories of individual E. coli cells in ephemeral spatial ref-
uges in the mother machine in the presence of T4 phage from t = 0 onwards. (A) A bacte-
rium lysed during or (B) after the first hour of exposure to T4 phage. A bacterium duplicated
at least once and was killed with all its progeny (C) within the first 7 h of the experiment or
(D) overnight. The dashed lines are guides for the eye. Measurements were carried out in the
structured mother machine environment and are representative of N = 631 individual bacteria
and M = 530 mother machine channels from biological triplicate. Dashed lines are guides for
the eye. Numerical values are provided in Data Q in S1 File.

(TIFF)

$12 Fig. Temporal dependence of the mean fraction of filamenting bacteria out of a total
N =631 E. coli in M = 530 mother machine channels from biological triplicate exposed to
phage T4. Some of the error bars are hidden behind the corresponding data points due to the
large statistical sample. The dashed line is a guide for the eye. Numerical values for each replica
are provided in Data R in S1 File.

(TIFF)

S13 Fig. Experimental assessment of bacteria viability after 24-h exposure to T4 phage by
imaging each bacterium (A) in brightfield, (B) using GFP fluorescence as a reporter for ompC
expression, and (C) using PI fluorescence. Leftmost channel: representative dead E. coli cells
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with compromised membranes stained by PI. Rightmost channel: the first and third E. coli
from the top of the channel are representative viable E. coli expressing GFP and not stained by
PI, the second E. coli from the top of the channel is a representative dead E. coli cell with com-
promised membrane stained by PIL Scale bar: 5 um. GFP, green fluorescent protein; ompC,
outer membrane protein C; PI, propidium iodide.

(TIF)

S14 Fig. Distributions of GFP levels in E. coli harbouring the same GFP-encoding plasmid
as the ompC and fadL reporter strains but without encoding any promoter (i.e., the promo-
terless plasmid pUA66) before exposure to T4 phage in E. coli that later lysed (green violin
plot) or survived (black violin plot) exposure to T4. Data were obtained in biological tripli-
cate for a total of N = 54, N = 17 bacteria that were killed or survived T4 exposure, respectively.
Numerical values are provided in Data T in S1 File. GFP, green fluorescent protein; ompC,
outer membrane protein C.

(TIFF)

S$15 Fig. Temporal dependence of bacterial population size for the parental (red circles),
promoterless plasmid pUA66 (black squares) and ompC (blue triangles) reporter strains.
Data are the mean and standard error of the mean of biological triplicates in well-mixed 100
ml flasks. Numerical values for each replica are provided in Data U in S1 File. ompC, outer
membrane protein C.

(TIFF)

S1 File. Data A. Temporal dependence of phage T4 amplification in the presence of E. coli
BW23113. Data B. Temporal dependence of E. coli BW23113 growth in the presence and
absence of phage T4 in well-mixed 200 pl microwells. Data C. Temporal dependence of E. coli
BW23113 growth in the presence of phage T4 in well-mixed microwells with different E. coli
inoculum. Data D. Temporal dependence of E. coli BW23113 growth in the presence and
absence of phage T4 in well-mixed 100 ml flasks. Data E. Temporal dependence of E. coli
BW23113 growth in the presence and absence of phage T4 in well-mixed 100 ml flasks at dif-
ferent MOIs. Data F. Temporal dependence of E. coli BW23113 growth in the presence and
absence of phage T4 in the compartments of a microfluidic mother machine. Data G. Number
of E. coli generations before lysis in the presence of phage T4 in the compartments of a micro-
fluidic mother machine at a nominal MOT of 10° or 10°. Data H. Fractional distribution of the
number of nanospheres reaching a compartment of a microfluidic mother machine in 1 h.
Data I. Fractional distribution of the residence time of nanospheres in the compartments of a
microfluidic mother machine. Data J. Temporal dependence of E. coli BW23113 growth in the
presence of phage T4 at 3 different MOIs in the compartments of a microfluidic mother
machine. Data K. Temporal dependence of the simulated fraction of mother machine com-
partments that have not been reached by phage. Data L. Flow rate dependence of the number
of phage reaching each compartment of a microfluidic mother machine. Data M. Temporal
dependence of phage T4 amplification in the presence of E. coli BW23113 in either well-mixed
100 ml flasks or the compartments of a microfluidic mother machine. Data N. Temporal
dependence of either phage T4 or phage T3 amplification in the absence or presence of E. coli
BW23113, respectively, in the compartments of a microfluidic mother machine. Data O. Tem-
poral dependence of phage T4 amplification in the presence of E. coli BW23113 at 2 different
MOIs in the compartments of a microfluidic mother machine. Data P. Representative tempo-
ral dependence of single E. coli BW23113 surviving in the presence of phage T4 in the com-
partments of a microfluidic mother machine. Data Q. Representative temporal dependence of
single E. coli BW23113 lysing in the presence of phage T4 in the compartments of a
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microfluidic mother machine. Data R. Temporal dependence of the fraction of filamenting E.
coli BW23113 in the presence of phage T4 in the compartments of a microfluidic mother
machine. Data S. Distribution of single-cell GFP fluorescence reporting on the expression of
either ompC or fadL for E. coli BW23113 susceptible of surviving phage T4 or phage T2. Data
T. Distribution of single-cell GFP fluorescence for a promoterless E. coli BW23113 strain sus-
ceptible of surviving phage T4. Data U. Temporal dependence of the growth of either the
parental E. coli BW23113 strain or the ompC reporter strain or the promoterless strain in 100
ml flasks. Data V. Temporal dependence of the growth of either the parental E. coli BW23113
strain or the AompC deletion mutant in the presence of phage T4 in the compartments of a
microfluidic mother machine. Data W. Distribution of the number of bacterial duplications
before death for either the parental E. coli BW23113 strain or the AompC deletion mutant in
the presence of phage T4 in the compartments of a microfluidic mother machine. Data X.
Temporal dependence of bacterial growth, genetic or phenotypic resistance to phage either in
an unstructured or a structured environment according to agent-based simulations. Data Y.
Distribution of single-cell phage receptor expression in bacteria that are either susceptible or
survive phage exposure in the structured environment according to agent-based simulations.
GFP, green fluorescent protein; MOI, multiplicity of infection; ompC, outer membrane protein
C.

(XLSX)

Acknowledgments

We would like to acknowledge Dr S. van Houte for support and training in handling phage
samples and Dr Kevin Stratford for support in running Lattice-Boltzmann simulations.

Author Contributions
Conceptualization: Stefano Pagliara.

Formal analysis: Erin L. Attrill, Rory Claydon, Urszula Lapiniska, Mario Recker, Sean Meaden,
Aidan T. Brown, Edze R. Westra, Stefano Pagliara.

Funding acquisition: Sarah V. Harding, Stefano Pagliara.
Investigation: Erin L. Attrill, Urszula Lapinska.

Methodology: Erin L. Attrill, Rory Claydon, Urszula Lapinska, Mario Recker, Aidan T.
Brown, Edze R. Westra, Sarah V. Harding, Stefano Pagliara.

Software: Rory Claydon, Mario Recker, Sean Meaden, Aidan T. Brown.
Supervision: Sarah V. Harding, Stefano Pagliara.
Writing - original draft: Erin L. Attrill, Edze R. Westra, Stefano Pagliara.

Writing - review & editing: Erin L. Attrill, Rory Claydon, Urszula Lapiniska, Mario Recker,
Sean Meaden, Aidan T. Brown, Edze R. Westra, Sarah V. Harding, Stefano Pagliara.

References

1. Avrani S, Wurtzel O, Sharon |, Sorek R, Lindell D. Genomic island variability facilitates Prochlorococ-
cusvirus coexistence. Nature. 2011; 474:604—8. https://doi.org/10.1038/nature 10172 PMID: 21720364

2. Benmayor R, Buckling A, Bonsall MB, Brockhurst MA, Hodgson DJ. The Interactive Effects of Para-
sites, Disturbance, and Productivity on Experimental Adaptive Radiations. Evolution (N Y). 2008;
62:467-77. https://doi.org/10.1111/j.1558-5646.2007.00268.x PMID: 18039322

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 24/29


https://doi.org/10.1038/nature10172
http://www.ncbi.nlm.nih.gov/pubmed/21720364
https://doi.org/10.1111/j.1558-5646.2007.00268.x
http://www.ncbi.nlm.nih.gov/pubmed/18039322
https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Duerkop BA, Clements CV, Rollins D, Rodrigues JLM, Hooper LV. A composite bacteriophage alters
colonization by an intestinal commensal bacterium. Proc Natl Acad Sci U S A. 2012; 109:17621—6.
https://doi.org/10.1073/pnas.1206136109 PMID: 23045666

Koskella B, Brockhurst MA. Bacteria-phage coevolution as a driver of ecological and evolutionary pro-
cesses in microbial communities. FEMS Microbiol Rev. 2014; 38:916-31. https://doi.org/10.1111/1574-
6976.12072 PMID: 24617569

Pirnay J-P, Verbeken G, Rose T, Jennes S, Zizi M, Huys |, et al. Introducing yesterday’s phage therapy
in today’s medicine. Future Virol. 2012; 7:379-90. https://doi.org/10.2217/fvl.12.24

Salmond GPC, Fineran PC. A century of the phage: Past, present and future. Nat Rev Microbiol. 2015;
13:777-86. hitps://doi.org/10.1038/nrmicro3564 PMID: 26548913

Hampton HG, Watson BNJ, Fineran PC. The arms race between bacteria and their phage foes. Nature.
2020; 577:327-36. https://doi.org/10.1038/s41586-019-1894-8 PMID: 31942051

Rostgl JT, Marraffini L. (Ph)ighting Phages: How Bacteria Resist Their Parasites. Cell Host Microbe.
2019; 25:184-94. https://doi.org/10.1016/j.chom.2019.01.009 PMID: 30763533

Mathews CK. Bacteriophage T4. eLS, Chichester, UK: John Wiley & Sons, Ltd; 2015, p. 1—11. https://
doi.org/10.1002/9780470015902.a0000784.pub4

Yap ML, Rossmann MG. Structure and function of bacteriophage T4. Future Microbiol. 2014; 9:1319—
37. https://doi.org/10.2217/fmb.14.91 PMID: 25517898

Bourdin G, Navarro A, Sarker SA, Pittet A, Qadri F, Sultana S, et al. Coverage of diarrhoea-associated
E scherichia coliisolates from different origins with two types of phage cocktails. Microb Biotechnol.
2014; 7:165-76. https://doi.org/10.1111/1751-7915.12113 PMID: 24528873

Nishikawa H, Yasuda AM, Uchiyama AJ, Rashel AM, Maeda AY, Takemura Al, et al. T-even-related
bacteriophages as candidates for treatment of Escherichia coli urinary tract infections. Arch Virol. 2008;
153:507—15. https://doi.org/10.1007/s00705-007-0031-4 PMID: 18188500

Sarker SA, Berger B, Deng Y, Kieser S, Foata F, Moine D, et al. Oral application of E scherichia colibac-
teriophage: safety tests in healthy and diarrheal children from B angladesh. Environ Microbiol. 2017;
19:237-50. https://doi.org/10.1111/1462-2920.13574 PMID: 27750388

Trojet SN, Caumont-Sarcos A, Perrody E, Comeau AM, Krisch HM. The gp38 adhesins of the T4 super-
family: A complex modular determinant of the Phage’s host specificity. Genome Biol Evol. 2011; 3:674—
86. https://doi.org/10.1093/gbe/evr059 PMID: 21746838

Washizaki A, Yonesaki T, Otsuka Y. Characterization of the interactions between Escherichia coli
receptors, LPS and OmpC, and bacteriophage T4 long tail fibers. Microbiology. 2016; 5:1003—15.
https://doi.org/10.1002/mbo3.384 PMID: 27273222

Hu B, Margolin W, Molineux IJ, Liu J. Structural remodeling of bacteriophage T4 and host membranes
during infection initiation. Proc Natl Acad Sci U S A. 2015; 112:E4919-28. https://doi.org/10.1073/pnas.
1501064112 PMID: 26283379

Leiman PG, Chipman PR, Kostyuchenko VA, Mesyanzhinov VV, Rossmann MG. Three-dimensional
rearrangement of proteins in the tail of bacteriophage T4 on infection of its host. Cell. 2004; 118:419—
29. https://doi.org/10.1016/j.cell.2004.07.022 PMID: 15315755

Svenson SB, Karlstrom OH. Bacteriophage T4-induced shut-off of host-specific translation. J Virol.
1976;17. https://doi.org/10.1128/JV1.17.2.326-334.1976 PMID: 768517

Lenski RE, Levin BR. Constraints on the coevolution of bacteria and virulent phage: a model, some
experiments, and predictions for natural communities. Am Nat. 1985; 125:585-602. https://doi.org/10.
1086/284364

Brockhurst MA, Rainey PB, Buckling A. The effect of spatial heterogeneity and parasites on the evolu-
tion of host diversity. Proc R Soc B Biol Sci. 2004; 271:107-11. https://doi.org/10.1098/rspb.2003.2556
PMID: 15002778

Buckling A, Wei Y, Massey RC, Brockhurst MA, Hochberg ME. Antagonistic coevolution with parasites
increases the cost of host deleterious mutations. Proc R Soc B Biol Sci. 2006; 273:45-9. https://doi.org/
10.1098/rspb.2005.3279 PMID: 16519233

Dietrich R, Ploss K, Heil M. Growth responses and fithess costs after induction of pathogen resistance
depend on environmental conditions. Plant Cell Environ. 2005; 28:211-22. https://doi.org/10.1111/j.
1365-3040.2004.01265.x

L D. C, Lopez-Pascua, Buckling A. Increasing productivity accelerates host—parasite coevolution. J
Evol Biol. 2008; 21:853-60. https://doi.org/10.1111/j.1420-9101.2008.01501.x PMID: 18284514

Luong LT, Polak M. Costs of resistance in the drosophila—macrocheles system: a negative genetic cor-
relation between ectoparasite resistance and reproduction. Evolution (N Y). 2007; 61:1391-402. https:/
doi.org/10.1111/j.1558-5646.2007.00116.x PMID: 17542848

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 25/29


https://doi.org/10.1073/pnas.1206136109
http://www.ncbi.nlm.nih.gov/pubmed/23045666
https://doi.org/10.1111/1574-6976.12072
https://doi.org/10.1111/1574-6976.12072
http://www.ncbi.nlm.nih.gov/pubmed/24617569
https://doi.org/10.2217/fvl.12.24
https://doi.org/10.1038/nrmicro3564
http://www.ncbi.nlm.nih.gov/pubmed/26548913
https://doi.org/10.1038/s41586-019-1894-8
http://www.ncbi.nlm.nih.gov/pubmed/31942051
https://doi.org/10.1016/j.chom.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30763533
https://doi.org/10.1002/9780470015902.a0000784.pub4
https://doi.org/10.1002/9780470015902.a0000784.pub4
https://doi.org/10.2217/fmb.14.91
http://www.ncbi.nlm.nih.gov/pubmed/25517898
https://doi.org/10.1111/1751-7915.12113
http://www.ncbi.nlm.nih.gov/pubmed/24528873
https://doi.org/10.1007/s00705-007-0031-4
http://www.ncbi.nlm.nih.gov/pubmed/18188500
https://doi.org/10.1111/1462-2920.13574
http://www.ncbi.nlm.nih.gov/pubmed/27750388
https://doi.org/10.1093/gbe/evr059
http://www.ncbi.nlm.nih.gov/pubmed/21746838
https://doi.org/10.1002/mbo3.384
http://www.ncbi.nlm.nih.gov/pubmed/27273222
https://doi.org/10.1073/pnas.1501064112
https://doi.org/10.1073/pnas.1501064112
http://www.ncbi.nlm.nih.gov/pubmed/26283379
https://doi.org/10.1016/j.cell.2004.07.022
http://www.ncbi.nlm.nih.gov/pubmed/15315755
https://doi.org/10.1128/JVI.17.2.326-334.1976
http://www.ncbi.nlm.nih.gov/pubmed/768517
https://doi.org/10.1086/284364
https://doi.org/10.1086/284364
https://doi.org/10.1098/rspb.2003.2556
http://www.ncbi.nlm.nih.gov/pubmed/15002778
https://doi.org/10.1098/rspb.2005.3279
https://doi.org/10.1098/rspb.2005.3279
http://www.ncbi.nlm.nih.gov/pubmed/16519233
https://doi.org/10.1111/j.1365-3040.2004.01265.x
https://doi.org/10.1111/j.1365-3040.2004.01265.x
https://doi.org/10.1111/j.1420-9101.2008.01501.x
http://www.ncbi.nlm.nih.gov/pubmed/18284514
https://doi.org/10.1111/j.1558-5646.2007.00116.x
https://doi.org/10.1111/j.1558-5646.2007.00116.x
http://www.ncbi.nlm.nih.gov/pubmed/17542848
https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Quance MA, Travisano M. Effects of temperature on the fitness cost of resistance to bacteriophage T4
in Escherichia coli. Evolution (N Y). 2009; 63:1406—16. https://doi.org/10.1111/j.1558-5646.2009.
00654.x PMID: 19222568

Gomez P, Buckling A. Bacteria-phage antagonistic coevolution in soil. Science. 2011; 332:106-9.
https://doi.org/10.1126/science.1198767 PMID: 21454789

Hernandez CA, Koskella B. Phage resistance evolution in vitrois not reflective of in vivo outcome in a
plant-bacteria-phage system*. Evolution (N Y). 2019; 73:2461-75. https://doi.org/10.1111/evo.13833
PMID: 31433508

Abedon ST, Yin J. Impact of spatial structure on phage population growth. Bacteriophage Ecol Popul
Growth Evol Impact Bact Viruses (Advances Mol Cell Microbiol). Cambridge University Press; 2008, p.
94-113.

Brockhurst MA, Buckling A, Rainey PB. Spatial heterogeneity and the stability of host-parasite coexis-
tence. J Evol Biol. 2006; 19:374-9. https://doi.org/10.1111/1.1420-9101.2005.01026.x PMID: 16599913

Eriksen RS, Svenningsen SL, Sneppen K, Mitarai N. A growing microcolony can survive and support
persistent propagation of virulent phages. Proc Natl Acad Sci U S A. 2017; 115:337—42. https://doi.org/
10.1073/pnas.1708954115 PMID: 29259110

Heilmann S, Sneppen K, Krishna S. Coexistence of phage and bacteria on the boundary of self-orga-
nized refuges. Proc Natl Acad Sci U S A. 2012; 109:12828-33. https://doi.org/10.1073/pnas.
1200771109 PMID: 22807479

Schrag SJ, Mittler JE. Host-parasite coexistence: The role of spatial refuges in stabilizing bacteria-
phage interactions. Am Nat. 1996; 148:348—-77. https://doi.org/10.1086/285929

Simmons EL, Bond MC, Koskella B, Drescher K, Bucci V, Nadell CD. Biofilm Structure Promotes Coex-
istence of Phage-Resistant and Phage-Susceptible Bacteria. MSystems. 2020;5. https://doi.org/10.
1128/mSystems.00877-19 PMID: 32576653

Testa S, Berger S, Piccardi P, Oechslin F, Resch G, Mitri S. Spatial structure affects phage efficacy in
infecting dual-strain biofilms of Pseudomonas aeruginosa. Commun Biol. 2019; 2:1—12. https://doi.org/
10.1038/s42003-018-0242-0 PMID: 30740537

Vidakovic L, Singh PK, Hartmann R, Nadell CD, Drescher K. Dynamic biofilm architecture confers indi-
vidual and collective mechanisms of viral protection. Nat Microbiol. 2017; 3:26-31. https://doi.org/10.
1038/s41564-017-0050-1 PMID: 29085075

Brockhurst MA, Morgan AD, Rainey PB, Buckling A. Population mixing accelerates coevolution. Ecol
Lett. 2008; 6:975-9. https://doi.org/10.1046/j.1461-0248.2003.00531.x

GuoF, Li S, Caglar MU, Mao Z, Liu W, Woodman A, et al. Single-Cell Virology: On-Chip Investigation of
Viral Infection Dynamics. Cell Rep. 2017; 21:1692-704. https://doi.org/10.1016/j.celrep.2017.10.051
PMID: 29117571

Liu W, He H, Zheng SY. Microfluidics in Single-Cell Virology: Technologies and Applications. Trends
Biotechnol. 2020; 38:1360—72. https://doi.org/10.1016/j.tibtech.2020.04.010 PMID: 32430227

Pearl S, Gabay C, Kishony R, Oppenheim A, Balaban NQ. Nongenetic Individuality in the Host-Phage
Interaction. PLoS Biol. 2008; 6:120. https://doi.org/10.1371/journal.pbio.0060120 PMID: 18494559

Wall E, Majdalani N, Gottesman S. The Complex Rcs Regulatory Cascade. Annu Rev Microbiol. 2018;
72:111-39. https://doi.org/10.1146/annurev-micro-090817-062640 PMID: 29897834

Soundararajan M, von Bunau R, Oelschlaeger TA. K5 Capsule and Lipopolysaccharide Are Important
in Resistance to T4 Phage Attack in Probiotic E. coli Strain Nissle 1917. Front Microbiol. 2019; 10:2783.
https://doi.org/10.3389/fmicb.2019.02783 PMID: 31849915

Porter NT, Hryckowian AJ, Merrill BD, Fuentes JJ, Gardner JO, Glowacki RWP, et al. Phase-variable
capsular polysaccharides and lipoproteins modify bacteriophage susceptibility in Bacteroides thetaio-
taomicron. Nat Microbiol. 2020; 5:1170-81. https://doi.org/10.1038/s41564-020-0746-5 PMID:
32601452

Mutalik VK, Adler BA, Rishi HS, Piya D, Zhong C. Koskella B, et al. High-throughput mapping of the
phage resistance landscape in E coli. PLoS Biol. 2020; 18:€3000877. https://doi.org/10.1371/journal.
pbio.3000877 PMID: 33048924

Kortright KE, Chan BK, Turner PE. High-throughput discovery of phage receptors using transposon
insertion sequencing of bacteria. Proc Natl Acad Sci U S A. 2020; 117:18670-9. https://doi.org/10.
1073/pnas.2001888117 PMID: 32675236

Wang P, Robert L, Pelletier J, Dang WL, Taddei F, Wright A, et al. Robust growth of Escherichia coli.
Curr Biol. 2010; 20:1099-1083. https://doi.org/10.1016/j.cub.2010.04.045 PMID: 20537537

Cama J, Voliotis M, Metz J, Smith A, lannucci J, Keyser UF, et al. Single-cell microfluidics facilitates the
rapid quantification of antibiotic accumulation in Gram-negative bacteria. Lab Chip. 2020; 20:2765-75.
https://doi.org/10.1039/d0lc00242a PMID: 32613221

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 26/29


https://doi.org/10.1111/j.1558-5646.2009.00654.x
https://doi.org/10.1111/j.1558-5646.2009.00654.x
http://www.ncbi.nlm.nih.gov/pubmed/19222568
https://doi.org/10.1126/science.1198767
http://www.ncbi.nlm.nih.gov/pubmed/21454789
https://doi.org/10.1111/evo.13833
http://www.ncbi.nlm.nih.gov/pubmed/31433508
https://doi.org/10.1111/j.1420-9101.2005.01026.x
http://www.ncbi.nlm.nih.gov/pubmed/16599913
https://doi.org/10.1073/pnas.1708954115
https://doi.org/10.1073/pnas.1708954115
http://www.ncbi.nlm.nih.gov/pubmed/29259110
https://doi.org/10.1073/pnas.1200771109
https://doi.org/10.1073/pnas.1200771109
http://www.ncbi.nlm.nih.gov/pubmed/22807479
https://doi.org/10.1086/285929
https://doi.org/10.1128/mSystems.00877-19
https://doi.org/10.1128/mSystems.00877-19
http://www.ncbi.nlm.nih.gov/pubmed/32576653
https://doi.org/10.1038/s42003-018-0242-0
https://doi.org/10.1038/s42003-018-0242-0
http://www.ncbi.nlm.nih.gov/pubmed/30740537
https://doi.org/10.1038/s41564-017-0050-1
https://doi.org/10.1038/s41564-017-0050-1
http://www.ncbi.nlm.nih.gov/pubmed/29085075
https://doi.org/10.1046/j.1461-0248.2003.00531.x
https://doi.org/10.1016/j.celrep.2017.10.051
http://www.ncbi.nlm.nih.gov/pubmed/29117571
https://doi.org/10.1016/j.tibtech.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32430227
https://doi.org/10.1371/journal.pbio.0060120
http://www.ncbi.nlm.nih.gov/pubmed/18494559
https://doi.org/10.1146/annurev-micro-090817-062640
http://www.ncbi.nlm.nih.gov/pubmed/29897834
https://doi.org/10.3389/fmicb.2019.02783
http://www.ncbi.nlm.nih.gov/pubmed/31849915
https://doi.org/10.1038/s41564-020-0746-5
http://www.ncbi.nlm.nih.gov/pubmed/32601452
https://doi.org/10.1371/journal.pbio.3000877
https://doi.org/10.1371/journal.pbio.3000877
http://www.ncbi.nlm.nih.gov/pubmed/33048924
https://doi.org/10.1073/pnas.2001888117
https://doi.org/10.1073/pnas.2001888117
http://www.ncbi.nlm.nih.gov/pubmed/32675236
https://doi.org/10.1016/j.cub.2010.04.045
http://www.ncbi.nlm.nih.gov/pubmed/20537537
https://doi.org/10.1039/d0lc00242a
http://www.ncbi.nlm.nih.gov/pubmed/32613221
https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lapinska U, Glover G, Capilla-lasheras P, Young AJ, Pagliara S. Bacterial ageing in the absence of
external stressors. Philos Trans R Soc B Biol Sci. 2019; 374:20180442. https://doi.org/10.1098/rstb.
2018.0442 PMID: 31587633

Berg HC. Random walks in biology. Expanded ed. Princeton University Press; 1993.

SivecK, Podgornik A. Determination of bacteriophage growth parameters under cultivating conditions.
Appl Microbiol Biotechnol. 2020; 104:8949-60. https://doi.org/10.1007/s00253-020-10866-8 PMID:
32880692

Chung W, Siu J, Tanner K. Roles of Lipopolysaccharide and the Outer Membrane Protein OmpC on
Bacteriophage T4 Infectivity in Escherichia coli. 2005; 7.

Shao B, Rammohan J, Anderson DA, Alperovich N, Ross D, Voigt CA. Single-cell measurement of plas-
mid copy number and promoter activity. Nat Commun. 2021; 12:1-9. https://doi.org/10.1038/s41467-
020-20314-w PMID: 33397941

Zaslaver A, Bren A, Ronen M, Itzkovitz S, Kikoin I, Shavit S, et al. A comprehensive library of fluores-
cent transcriptional reporters for Escherichia coli. Nat Methods. 2006; 3:623-8. https://doi.org/10.1038/
nmeth895 PMID: 16862137

Silander OK, Nikolic N, Zaslaver A, Bren A, Kikoin I, Alon U, et al. A genome-wide analysis of promoter-
mediated phenotypic noise in Escherichia coli. PLoS Genet. 2012; 8. https://doi.org/10.1371/journal.
pgen.1002443 PMID: 22275871

Rodriguez-Valera F, Martin-Cuadrado A-B, Rodriguez-Brito B, Pasic L, Thingstad TF, Rohwer F, et al.
Explaining microbial population genomics through phage predation. Nat Preced. 2009:1-1. https://doi.
org/10.1038/nrmicro2235 PMID: 19834481

Weinbauer MG, Rassoulzadegan F. Are viruses driving microbial diversification and diversity? Environ
Microbiol. 2003; 6:1-11. https://doi.org/10.1046/j.1462-2920.2003.00539.x PMID: 14686936

Lopatina A, Tal N, Sorek R. Abortive Infection: Bacterial Suicide as an Antiviral Immune Strategy. Annu
Rev Virol. 2020; 7:371-84. https://doi.org/10.1146/annurev-virology-011620-040628 PMID: 32559405

Arkin A, Ross J, McAdams HH. Stochastic Kinetic Analysis of Developmental Pathway Bifurcation in
Phage A-Infected Escherichia coli Cells. Genetics. 1998; 149:1633-48. https://doi.org/10.1093/
genetics/149.4.1633 PMID: 9691025

St-Pierre F, Endy D. Determination of cell fate selection during phage lambda infection. Proc Natl Acad
Sci U S A. 2008; 105:20705—10. https://doi.org/10.1073/pnas.0808831105 PMID: 19098103

Scanlan PD, Hall AR, Burlinson P, Preston G, Buckling A. No effect of host-parasite co-evolution on
host range expansion. J Evol Biol. 2013; 26:205-9. https://doi.org/10.1111/jeb.12021 PMID: 23167752

Brito PH, Rocha EPC, Xavier KB, Gordo |. Natural Genome Diversity of Al-2 Quorum Sensing in
Escherichia coli: Conserved Signal Production but Labile Signal Reception. Genome Biol Evol. 2013;
5:16-30. https://doi.org/10.1093/gbe/evs122 PMID: 23246794

Smith A, Kaczmar A, Bamford RA, Smith C, Frustaci S, Kovacs-Simon A, et al. The culture environment
influences both gene regulation and phenotypic heterogeneity in Escherichia coli. Front Microbiol. 2018;
9:1739. https://doi.org/10.3389/fmicb.2018.01739 PMID: 30158905

Pereira CS, Santos AJM, Bejerano-Sagie M, Correia PB, Marques JC, Xavier KB. Phosphoenolpyr-
uvate phosphotransferase system regulates detection and processing of the quorum sensing signal
autoinducer-2. Mol Microbiol. 2012; 84:93—104. https://doi.org/10.1111/j.1365-2958.2012.08010.x
PMID: 22384939

Hayland-Kroghsbo NM, Maerkedahl RB, Svenningsen SL. A quorum-sensing-induced bacteriophage
defense mechanism. mBio. 2013: 4. hitps://doi.org/10.1128/mBio.00362-12 PMID: 23422409

Ren D, Bedzyk LA, Ye RW, Thomas SM, Wood TK. Stationary-Phase Quorum-Sensing Signals Affect
Autoinducer-2 and Gene Expression in Escherichia coli. Appl Environ Microbiol. 2004; 70:2038—43.
https://doi.org/10.1128/AEM.70.4.2038-2043.2004 PMID: 15066794

Goode O, Smith A, tapinska U, Attrill E, Carr A, Metz J, et al. Heterologous Protein Expression Favors
the Formation of Protein Aggregates in Persister and Viable but Nonculturable Bacteria. ACS Infect Dis.
2021. https://doi.org/10.1021/acsinfecdis.1c00154 PMID: 34000805

Kerr B, Neuhauser C, Bohannan BJM, Dean AM. Local migration promotes competitive restraintin a
host-pathogen “tragedy of the commons.”. Nature. 2006; 442:75-8. https://doi.org/10.1038/
nature04864 PMID: 16823452

Kortright KE, Chan BK, Koff JL, Turner PE. Phage Therapy: A Renewed Approach to Combat Antibi-
otic-Resistant Bacteria. Cell Host Microbe. 2019; 25:219-32. https://doi.org/10.1016/j.chom.2019.01.
014 PMID: 30763536

England WE, Kim T, Whitaker RJ. Metapopulation Structure of CRISPR-Cas Immunity in Pseudomo-
nas aeruginosa and lts Viruses. MSystems. 2018; 3. https://doi.org/10.1128/mSystems.00075-18
PMID: 30374457

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 27/29


https://doi.org/10.1098/rstb.2018.0442
https://doi.org/10.1098/rstb.2018.0442
http://www.ncbi.nlm.nih.gov/pubmed/31587633
https://doi.org/10.1007/s00253-020-10866-8
http://www.ncbi.nlm.nih.gov/pubmed/32880692
https://doi.org/10.1038/s41467-020-20314-w
https://doi.org/10.1038/s41467-020-20314-w
http://www.ncbi.nlm.nih.gov/pubmed/33397941
https://doi.org/10.1038/nmeth895
https://doi.org/10.1038/nmeth895
http://www.ncbi.nlm.nih.gov/pubmed/16862137
https://doi.org/10.1371/journal.pgen.1002443
https://doi.org/10.1371/journal.pgen.1002443
http://www.ncbi.nlm.nih.gov/pubmed/22275871
https://doi.org/10.1038/nrmicro2235
https://doi.org/10.1038/nrmicro2235
http://www.ncbi.nlm.nih.gov/pubmed/19834481
https://doi.org/10.1046/j.1462-2920.2003.00539.x
http://www.ncbi.nlm.nih.gov/pubmed/14686936
https://doi.org/10.1146/annurev-virology-011620-040628
http://www.ncbi.nlm.nih.gov/pubmed/32559405
https://doi.org/10.1093/genetics/149.4.1633
https://doi.org/10.1093/genetics/149.4.1633
http://www.ncbi.nlm.nih.gov/pubmed/9691025
https://doi.org/10.1073/pnas.0808831105
http://www.ncbi.nlm.nih.gov/pubmed/19098103
https://doi.org/10.1111/jeb.12021
http://www.ncbi.nlm.nih.gov/pubmed/23167752
https://doi.org/10.1093/gbe/evs122
http://www.ncbi.nlm.nih.gov/pubmed/23246794
https://doi.org/10.3389/fmicb.2018.01739
http://www.ncbi.nlm.nih.gov/pubmed/30158905
https://doi.org/10.1111/j.1365-2958.2012.08010.x
http://www.ncbi.nlm.nih.gov/pubmed/22384939
https://doi.org/10.1128/mBio.00362-12
http://www.ncbi.nlm.nih.gov/pubmed/23422409
https://doi.org/10.1128/AEM.70.4.2038-2043.2004
http://www.ncbi.nlm.nih.gov/pubmed/15066794
https://doi.org/10.1021/acsinfecdis.1c00154
http://www.ncbi.nlm.nih.gov/pubmed/34000805
https://doi.org/10.1038/nature04864
https://doi.org/10.1038/nature04864
http://www.ncbi.nlm.nih.gov/pubmed/16823452
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.1016/j.chom.2019.01.014
http://www.ncbi.nlm.nih.gov/pubmed/30763536
https://doi.org/10.1128/mSystems.00075-18
http://www.ncbi.nlm.nih.gov/pubmed/30374457
https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Capparelli R, Parlato M, Borriello G, Salvatore P, lannelli D. Experimental phage therapy against Staph-
ylococcus aureus in mice. Antimicrob Agents Chemother. 2007; 51:2765-73. https://doi.org/10.1128/
AAC.01513-06 PMID: 17517843

Huff WE, Huff GR, Rath NC, Balog JM, Donoghue AM. Therapeutic efficacy of bacteriophage and bay-
tril (enrofloxacin) individually and in combination to treat colibacillosis in broilers. Poult Sci. 2004;
83:1944-7. https://doi.org/10.1093/ps/83.12.1944 PMID: 15615004

Wright A, Hawkins CH, Anggard EE, Harper DR. A controlled clinical trial of a therapeutic bacteriophage
preparation in chronic otitis due to antibiotic-resistant Pseudomonas aeruginosa; a preliminary report of
efficacy. Clin Otolaryngol. 2009; 34:349-57. https://doi.org/10.1111/j.1749-4486.2009.01973.x PMID:
19673983

Biswas B, Adhya S, Washart P, Paul B, Trostel AN, Powell B, et al. Bacteriophage therapy rescues
mice bacteremic from a clinical isolate of vancomycin-resistant Enterococcus faecium. Infect Immun.
2002; 70:204—-10. https://doi.org/10.1128/IA1.70.1.204-210.2002 PMID: 11748184

Jault P, Leclerc T, Jennes S, Pirnay JP, Que YA, Resch G, et al. Efficacy and tolerability of a cocktail of
bacteriophages to treat burn wounds infected by Pseudomonas aeruginosa (PhagoBurn): a rando-
mised, controlled, double-blind phase 1/2 trial. Lancet Infect Dis. 2019; 19:35-45. https://doi.org/10.
1016/S1473-3099(18)30482-1 PMID: 30292481

Shagigat Alawneh A. Title An ADP-ribosyltransferase Alt of bacteriophage T4 negatively regulates the
Escherichia coliMazF toxin of a toxin-antitoxin module. n.d. https://doi.org/10.18910/59514

Fineran PC, Blower TR, Foulds IJ, Humphreys DP, Lilley KS, Salmond GPC. The phage abortive infec-
tion system, ToxIN, functions as a protein-RNA toxin-antitoxin pair. Proc Natl Acad Sci U S A. 2009;
106:894-9. https://doi.org/10.1073/pnas.0808832106 PMID: 19124776

Guegler CK, Laub MT. Shutoff of host transcription triggers a toxin-antitoxin system to cleave phage
RNA and abort infection. Mol Cell. 2021. https://doi.org/10.1016/j.molcel.2021.03.027 PMID: 33838104

Balaban NQ, Helaine S, Camilli A, Collins JJ, Ghigo J-M, Hardt W-D, et al. Definitions and guidelines for
research on antibiotic persistence. Nat Rev Microbiol. 2019; 17:441. https://doi.org/10.1038/s41579-
019-0196-3 PMID: 30980069

Wilmaerts D, Windels EM, Verstraeten N, Michiels J. General Mechanisms Leading to Persister Forma-
tion and Awakening. Trends Genet. 2019:1-11. https://doi.org/10.1016/j.tig.2019.03.007 PMID:
31036343

Wang A, Lin K. Effect of mutations in the outer membrane components on bacteriophage T4 adsorption
to Escherichia coli. n.d; 1.

Yu F, Mizushima S. Roles of lipopolysaccharide and outer membrane protein OmpC of Escherichia coli
K-12 in the receptor function for bacteriophage T4. J Bacteriol. 1982;151. https://doi.org/10.1128/jb.
151.2.718-722.1982 PMID: 7047495

Cohen D, Melamed S, Millman A, Shulman G, Oppenheimer-Shaanan Y, Kacen A, et al. Cyclic GMP—
AMP signalling protects bacteria against viral infection. Nature. 2019; 574:691-5. https://doi.org/10.
1038/541586-019-1605-5 PMID: 31533127

Abedon S. Look Who's Talking: T-Even Phage Lysis Inhibition, the Granddaddy of Virus-Virus Intercel-
lular Communication Research. Viruses. 2019; 11:951. https://doi.org/10.3390/v11100951 PMID:
31623057

Dressman HK, Drake JW. Lysis and lysis inhibition in bacteriophage T4: rV mutations reside in the holin
t gene. J Bacteriol. 1999; 181:4391—6. https://doi.org/10.1128/JB.181.14.4391-4396.1999 PMID:
10400598

Bos J, Zhang Q, Vyawahare S, Rogers E, Rosenberg SM, Austin RH. Emergence of antibiotic resis-
tance from multinucleated bacterial filaments. Proc Natl Acad Sci U S A. 2015; 112:178-83. https://doi.
org/10.1073/pnas.1420702111 PMID: 25492931

Goormaghtigh F, Van Melderen L. Single-cell imaging and characterization of Escherichia coli persister
cells to ofloxacin in exponential cultures. Sci Adv. 2019; 5:1—-15. https://doi.org/10.1126/sciadv.aav9462
PMID: 31223653

Jones TH, Vail KM, McMullen LM. Filament formation by foodborne bacteria under sublethal stress. Int
J Food Microbiol. 2013; 165:97—110. https://doi.org/10.1016/j.ijfoodmicro.2013.05.001 PMID:
23727653

Kim M, Jo Y, Hwang YJ, Hong HW, Hong SS, Park K, et al. Phage-antibiotic synergy via delayed lysis.
Appl Environ Microbiol. 2018;84. https://doi.org/10.1128/AEM.02085-18 PMID: 30217844

Ackermann M. A functional perspective on phenotypic heterogeneity in microorganisms. Nat Rev Micro-
biol. 2015; 13:497-508. https://doi.org/10.1038/nrmicro3491 PMID: 26145732

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 28/29


https://doi.org/10.1128/AAC.01513-06
https://doi.org/10.1128/AAC.01513-06
http://www.ncbi.nlm.nih.gov/pubmed/17517843
https://doi.org/10.1093/ps/83.12.1944
http://www.ncbi.nlm.nih.gov/pubmed/15615004
https://doi.org/10.1111/j.1749-4486.2009.01973.x
http://www.ncbi.nlm.nih.gov/pubmed/19673983
https://doi.org/10.1128/IAI.70.1.204-210.2002
http://www.ncbi.nlm.nih.gov/pubmed/11748184
https://doi.org/10.1016/S1473-3099%2818%2930482-1
https://doi.org/10.1016/S1473-3099%2818%2930482-1
http://www.ncbi.nlm.nih.gov/pubmed/30292481
https://doi.org/10.18910/59514
https://doi.org/10.1073/pnas.0808832106
http://www.ncbi.nlm.nih.gov/pubmed/19124776
https://doi.org/10.1016/j.molcel.2021.03.027
http://www.ncbi.nlm.nih.gov/pubmed/33838104
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1038/s41579-019-0196-3
http://www.ncbi.nlm.nih.gov/pubmed/30980069
https://doi.org/10.1016/j.tig.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/31036343
https://doi.org/10.1128/jb.151.2.718-722.1982
https://doi.org/10.1128/jb.151.2.718-722.1982
http://www.ncbi.nlm.nih.gov/pubmed/7047495
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1038/s41586-019-1605-5
http://www.ncbi.nlm.nih.gov/pubmed/31533127
https://doi.org/10.3390/v11100951
http://www.ncbi.nlm.nih.gov/pubmed/31623057
https://doi.org/10.1128/JB.181.14.4391-4396.1999
http://www.ncbi.nlm.nih.gov/pubmed/10400598
https://doi.org/10.1073/pnas.1420702111
https://doi.org/10.1073/pnas.1420702111
http://www.ncbi.nlm.nih.gov/pubmed/25492931
https://doi.org/10.1126/sciadv.aav9462
http://www.ncbi.nlm.nih.gov/pubmed/31223653
https://doi.org/10.1016/j.ijfoodmicro.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23727653
https://doi.org/10.1128/AEM.02085-18
http://www.ncbi.nlm.nih.gov/pubmed/30217844
https://doi.org/10.1038/nrmicro3491
http://www.ncbi.nlm.nih.gov/pubmed/26145732
https://doi.org/10.1371/journal.pbio.3001406

PLOS BIOLOGY

An environmentally-driven genetic to phenotypic resistance switch

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Bamford RA, Smith A, Metz J, Glover G, Titball RW, Pagliara S. Investigating the physiology of viable
but non-culturable bacteria by microfluidics and time-lapse microscopy. BMC Biol. 2017; 15:121.
https://doi.org/10.1186/s12915-017-0465-4 PMID: 29262826

Pagliara S, Chimerel C, Langford R, Aarts DG a L, Keyser UF. Parallel sub-micrometre channels with
different dimensions for laser scattering detection. Lab Chip 2011; 11:3365-8. https://doi.org/10.1039/
¢11c20399a PMID: 21804971

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014; 30:2114-20. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: A New Genome
Assembly Algorithm and Its Applications to Single-Cell sequencing. J Comput Biol. 2012; 19:455-77.
https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014; 30:2068-9. https://
doi.org/10.1093/bioinformatics/btu153 PMID: 24642063

Deatherage DE, Barrick JE. Identification of mutations in laboratory-evolved microbes from next-gener-
ation sequencing data using breseq. Methods Mol Biol. 2014; 1151:165-88. https://doi.org/10.1007/
978-1-4939-0554-6_12 PMID: 24838886

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357—
59. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Smith A, Metz J, Pagliara S. MMHelper: An automated framework for the analysis of microscopy
images acquired with the mother machine. Sci Rep. 2019; 9:10123. https://doi.org/10.1038/s41598-
019-46567-0 PMID: 31300741

Locatelli E, Pierno M, Baldovin F, Orlandini E, Tan Y, Pagliara S. Single-File Escape of Colloidal Parti-
cles from Microfluidic Channels. Phys Rev Lett. 2016; 117:038001. https://doi.org/10.1103/
PhysRevLett.117.038001 PMID: 27472142

Dettmer SL, Keyser UF, Pagliara S. Local characterization of hindered Brownian motion by using digital
video microscopy and 3D particle tracking. Rev Sci Instrum. 2014; 85:1-10. https://doi.org/10.1063/1.
4865552 PMID: 24593372

Stratford K. Github. 2019.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001406 October 12, 2021 29/29


https://doi.org/10.1186/s12915-017-0465-4
http://www.ncbi.nlm.nih.gov/pubmed/29262826
https://doi.org/10.1039/c1lc20399a
https://doi.org/10.1039/c1lc20399a
http://www.ncbi.nlm.nih.gov/pubmed/21804971
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
https://doi.org/10.1007/978-1-4939-0554-6%5F12
https://doi.org/10.1007/978-1-4939-0554-6%5F12
http://www.ncbi.nlm.nih.gov/pubmed/24838886
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/s41598-019-46567-0
https://doi.org/10.1038/s41598-019-46567-0
http://www.ncbi.nlm.nih.gov/pubmed/31300741
https://doi.org/10.1103/PhysRevLett.117.038001
https://doi.org/10.1103/PhysRevLett.117.038001
http://www.ncbi.nlm.nih.gov/pubmed/27472142
https://doi.org/10.1063/1.4865552
https://doi.org/10.1063/1.4865552
http://www.ncbi.nlm.nih.gov/pubmed/24593372
https://doi.org/10.1371/journal.pbio.3001406

